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ABSTRACT 
A review of literature related to the effect of introducing cobalt into an electrolysis 
process based on a sulphuric acid electrolyte and a lead-based anode reveals the 
benefits of cobalt in minimising oxygen evolution, energy consumption, cathode 
contamination and corrosion rate of the anode. A small amount of cobalt ions 
introduced into the electrolyte significantly reduces the oxygen evolution potential 
and the corrosion rate of the lead anode. However, harmful effects of adding 
cobalt ions to the electrolyte have prevented the use of cobalt in some processes 
and as a result its use in this way is limited.  
The scope of this project is to develop and study new composite anodes 
containing cobalt in their surface layer to determine whether they have lower 
oxygen evolution potential and as a consequence lower energy consumption when 
used in base metal electrowinning systems. In order to produce anodes with the 
most beneficial specifications, different composite layers containing lead and 
cobalt were electrodeposited on the surface of PbCaSn, Ni and Ti substrates. 
In the first part of the study, metal-matrix composite coatings of lead-cobalt (Pb-
Co) and lead-cobalt oxide (Pb-Co3O4) were electrodeposited onto the surface of a 
conventional PbCaSn anode in an effort to develop an improved anode for use in 
base metal electrowinning. The composite-coated anodes were examined in terms 
of electrochemical and physical stability over several days of polarisation under 
typical copper electrowinning conditions. Results from scanning electron 
microscopy have shown that fresh Pb-Co and Pb-Co3O4 composite-coated anodes 
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have a rougher surface than conventional (uncoated) PbCaSn anodes but the 
difference in surface area becomes insignificant after several days of polarisation 
under typical copper electrowinning conditions. The Tafel slope on the Pb-Co 
coated anode was 92 mV dec
-1
 and on the Pb-Co3O4 coated anode it was 90 mV 
dec
-1
, which are both significantly less than the 122 mV dec
-1
 measured on the 
conventional PbCaSn anodes. The composite-coated anodes exhibited consistently 
lower oxygen evolution potentials than the conventional anodes and the potential 
remained relatively stable throughout the polarisation period. The reduction in the 
operating anode potential is believed to be due to the presence of cobalt in the 
surface layer while the decrease in the Tafel slope shows that this reduction is 
most likely related to a change in the mechanism of oxygen evolution. At present 
there is no uniformly agreed theoretical hypothesis that explains this observed 
behavior. Corrosion rates estimated from 16 hr tests showed that the composite-
coated anodes are more stable than the conventional type during short periods of 
operation. It was also observed that for the Pb-Co coated anode, both the rate of 
corrosion and the overpotential for the oxygen evolution reaction can be further 
reduced by the addition of organic additives such as thiourea into the electrolyte.  
In the second part of this study, PbO2-CoOx and PbO2-Co3O4 composites were 
coated onto titanium and nickel substrates to form anodes, and tested under typical 
copper electrowinning conditions. The aim of depositing a well-adhered 
composite coating onto the surface of the dimensionally stable substrate materials 
was pursued using three different coatings. The performance of the produced 
anodes was examined in terms of oxygen evolution potential and service life. Both 
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of the anodes with PbO2-CoOx or PbO2-Co3O4 composite deposited on titanium 
resulted in reduction of the oxygen evolution potential of 300 to 400 mV 
compared with a conventional PbCaSn anode. The anodes prepared by applying 
the same coatings onto a nickel substrate showed poor stability in the acidic 
electrolyte media used in this experiment to represent typical copper 
electrowinning conditions and as a result, measurements of oxygen evolution 
potential were not obtained. Titanium-based anodes were also produced by 
thermal deposition of a SnO2-Sb2O3 interlayer on the surface of a titanium 
substrate followed by electrodeposition of a Co-based composite coating. These 
resulted in lower oxygen evolution potential than conventional PbCaSn. A Tafel 
slope of 88 mV dec
-1
 was recorded for the anode with a coating of PbO2-CoOx and 
47 mV dec
-1
 for the anode with a coating of PbO2-Co3O4, which both compare 
favorably to the 122 mV dec
-1
 which was observed for a conventional PbCaSn 
anode. Anodisation tests were carried out for a period of 16 hours both in the 
presence and in the absence of the organic additive thiourea in the electrolyte. 
Corrosion rates were estimated from these tests and the results also showed that 
the addition of thiourea appears to increase the corrosion rate of metal oxide 
matrix composite-coated anodes although it reduces the corrosion rate of a 
PbCaSn and Pb-Co3O4 composite coated anode. Nevertheless the results showed 
that for one of the composite-coated anodes, the titanium based anode with a 
SnO2-Sb2O3 interlayer and PbO2-CoOx coating, the corrosion rate was lower than 
a conventional PbCaSn anode. The corrosion rate of the titanium based anode 
with same interlayer and PbO2-Co3O4 coating was variable but could be much 
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greater than for a conventional anode. Thiourea showed no obvious effect on the 
anode oxygen evolution potential. 
In addition, lead balance method was used to calculate the corrosion rate of all the 
composite-coated anodes and to compare this with the corrosion rate of a 
conventional PbCaSn anode. The results confirm that incorporation of cobalt into 
the surface of lead has the effect of minimising the anode oxygen evolution 
potential and corrosion rate during 7-day tests.  
Of the different composite-coated anodes tested, the Ti-SnO2-Sb2O3-PbO2-Co3O4 
electrode showed the best performance and it was therefore selected to undergo a 
long term test at a larger scale. The results show that this composite-coated anode 
performs well under the typical condition of copper electrowinning for 60 days. 
Cross section studies of this composite-coated anode after operating for 60 days 
clearly showed the two distinct layers deposited on the surface of the Ti substrate 
(the thermally deposited interlayer and the top layer of lead-cobalt oxide). The 
SEM image of the composite-coated anode shows that the composite layer 
deposited on top of the interlayer was porous and that acid penetrated through the 
composite layer. This might be a reason for the gradual increase of the anode 
oxygen evolution potential with time. The SnO2-Sb2O3 interlayer had a great 
impact on blocking the acid from reaching to the substrate. This is supported by 
the fact that the composite-coated anode with this interlayer never underwent 
passivation during 60 days of anodisation.  
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1 INTRODUCTION 
Copper’s chemical and physical properties make it a suitable material to use in a 
wide range of domestic, industrial and high technology applications. In addition to 
electricity and heat conductors, copper is also used in telecommunications, water and 
gas transportation, plant and crop pesticides, food supplements and as a main 
element in art work, such as statues. 
Copper has been used for 10,000 years and continues to find new applications in 
leading edge technologies such as chips used in the semi- conductor industry. 
Copper is considered suitable to recycle and reuse, because it does not degrade or 
lose its chemical or physical properties in the recycling process. With proper 
management, recycling can help to minimize copper lifecycle energy consumption, 
emission and waste disposal. According to an ICSG (International Copper Study 
Group) report, in 2011, recycled copper represented around 30% of copper 
consumption (The World Copper Factbook, 2013).  Some countries are dependent on 
recycled copper rather than newly-mined copper to meet their domestic copper 
requirements (Pavlovic and Dekanski, 1997). Figure 1-1 depicts the flow of copper 
through recycling. 
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Figure  1-1 ICSG research on the use of recycled copper in the globe 
Electrowinning is an important process for the extraction and recovery of metals 
such as copper, zinc and nickel from laterite and sulphide ores. Electrowinning is a 
process by which metal ions can be removed from solutions containing moderate to 
high concentration of metal ions. For example, copper can be deposited onto a 
cathode from aqueous solutions by the reaction (1-1), while at the same time water 
decomposes on the surface of the anode and oxygen evolves according to reaction (1-
2). 
Cu 
2+
 + 2e
-
 → Cu   E cathode (SHE) = +0.34 V        (1-1)  
2 H2O→ O2 (g) + 4 H
+
 + 4e
-
  E anode (SHE) = +1.23 V                (1-2)  
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Electrowinning is used for nearly 20% of the world production of copper 
(Mohammadi et al., 2013). However, electrowinning is energy intensive and involves 
high costs.  Two main targets for the electrowinning of copper are high efficiency 
and high quality of produced metal (Alfantazi and Valic, 2003). 
Usually the economics of the entire system is governed by the properties of the 
anode. The energy consumption is related to the oxygen evolution potential of the 
anode and corrosion rate of the anode determines how frequently it needs to be 
replaced. Also, the quality of the metal deposited onto the cathode is influenced by 
corrosion behaviour of the anode.  
Generally lead or lead alloys are used as an anode to provide structural rigidity, 
mechanical strength and corrosion resistance. Although the equilibrium potential for 
oxygen evolution at these alloys is 1.23 V, reaction (1-2) does not happen until 
significant overpotential is applied. The overpotential and as a result cell voltage 
depend on the electrocatalytic capacity of the anode material. Due to high oxygen 
evolution overpotential of lead anodes (600-800 mV) significant cell potential should 
be applied to reach high current density for metal electrowinning which leads to both 
high energy use and corrosion of the anodes. Corrosion is the main problem linked to 
anodes in electrowinning (Mohammadi et al., 2013). In addition, anodes should have 
high mechanical strength to avoid bending and creep during the process. Hence 
research for new or improved anodic material to allow lower overpotential is 
ongoing. 
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Alloying elements such as silver, cobalt, tin, antimony and calcium have been used 
to improve the electrochemical and mechanical behaviour of lead anodes (Rashkov et 
al., 1999, Zhang et al., 2001, Pavlov and Rogachev, 1986, Bagshaw, 1997). 
Conventional anodes are currently PbCaSn anodes. Composite coated anodes based 
on dimensionally stable substrates such as Ti and Ni have also been studied in order 
to minimise the oxygen evolution potential and energy cost of the electrowinning 
systems.  
Composite-coated anodes are also being studied as possible alternatives for PbCaSn 
anodes as they may combine the benefits of PbCaSn and dimensionally stable anodes 
(DSA
®
), DSA anodes are trademarked of De Nora Company. Composite-coated 
anodes consist of a metallic substrate with an active metal or metal oxide layer 
coated on the top of the metallic substrate.  
In a different approach, the addition of cobalt into the electrolyte has been found to 
have a great effect on the reduction of the anode potential. However, there are some 
negative factors associated with the addition of cobalt into the electrolyte. To reduce 
anode potential sufficiently, constant addition of cobalt ions in the form of cobalt 
sulphate is needed. Cobalt sulphate is expensive and might typically cost several 
hundred thousand dollars per year per electrowinning plant.  
There are alternative methods of introducing cobalt into the system such as Co-Pb 
alloyed anodes. However, due to low solubility of cobalt in lead, segregation of 
cobalt happens during anodisation (Nikoloski and Nicol, 2010).  
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Recently, cobalt has been deposited onto the surface of anodes to reduce the anodic 
potential and enhance the corrosion resistance of the anodes (Bagshaw 1997, Cachet 
et al., 1999, Hrussanova et al., 2001, 2004 a, b, Rashkov et al., 1999, Yu and 
O’Keefe, 1999, Velichenko et al., 2009 a, b and c., Yeo et al., 2010, Morimitsu et al., 
2010, Cattarin et al., 2001, Musiani et al., 1997, Bertoncello et al., 2000).  
This study extends this research, seeking to exploit the most promising results from 
each of the previous approaches to improve electrowinning performance, by 
electrodepositing different lead-cobalt composite layers on the surface of both 
PbCaSn anodes and dimensionally stable substrates (Ti and Ni). The stability, service 
life and corrosion resistance of these composite-coated anodes were tested under 
standard condition for copper electrowinning, 300 A m
-2
, 40 
o
C in 180 g dm
-3
 
sulphuric acid. There was no copper added to the solution. The influence of thiourea 
as an organic additive to the electrolyte on corrosion rate and potential of anodes was 
also examined. 
Surface characterisation tests using SEM, EDS and X-ray diffraction were employed 
to evaluate the quality of the composite layers. In addition, kinetic parameters of the 
composite anodes as well as electrocatalytic activity of the anodes were measured 
using cyclic voltammetry and Tafel slop experiments. All different composite coated 
anodes were compared with a conventional PbCaSn anode.  
This project therefore aims to use a range of composite coatings containing cobalt 
and lead, and a range of substrate materials, and to study the electrochemical 
behaviour of the composite-coated anodes. Trends observed will assist in optimizing 
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anodes for copper electrowinning by identifying the most corrosion resistant anodes 
with the lowest overpotential requirements. 
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2 REVIEW OF RELEVANT LITERATURE 
2.1 Electrowinning  
2.1.1 Electrowinning of Copper 
Copper electrowinning is a good example of electrowinning of ions from aqueous 
solutions. The fresh electrolyte contains 25–60 g dm-3 of copper (as sulphate); 50–
180 g dm
-3
 of sulphuric acid and 5–10 g dm-3 of iron salts (Habashi, 1998). The 
cathodic and main anodic reactions are represented as (2-1) and (2-2), respectively. 
As a result of the second reaction, oxygen evolves on the surface of anode and acid is 
produced according to reaction (2-3). Hydrogen generation as shown by reaction (2-
4) is an undesirable side reaction. 
Cu 
2+
 + 2e
-
 → Cu   E cathode (SHE) = +0.34 V       ( 2-1) 
2 H2O→ O2 (g) + 4 H
+
 + 4e
-
         E anode (SHE) = +1.23 V                ( 2-2) 
   PbSO4+ 2 H2O → PbO2 + H2SO4+2H
+
 +2e
-   
E (SHE) =+ 1.685 V              ( 2-3) 
   2H
+
 + 2e
-→ H2           E(SHE)=0 V                        ( 2-4) 
Generally, lead or lead alloys are used as inert anodes. However some corrosion of 
the anode occurs, and therefore traces of lead are typically present in the copper 
cathode. When the copper deposition is thick enough, the cathode and the anode are 
pulled out of the solution to harvest the deposited copper and the anodes are clean. 
Subsequently, for commercial purposes the copper is melted and recast or electro-
refined. 
                     Chapter 2. Review of Relevant Literature  
 
8 
 
There are a few key limitations which affect the design and operation of commercial 
copper electrowinning systems. The main issue with copper electrowinning is due to 
the relatively low current density at the electrodes (typically 200–300 A m-2) (Evans 
and De Jonghe, 2002). This low current density and Faraday’s law mean that the 
system needs large electrode surface areas. Hence typical plants have a large number 
of cells housed in so-called “tank houses’’, which leads to large capital costs for this 
process. The second difficulty is related to high operating costs due to the 
mechanical harvesting of the electrodes and the initial placement of cathodes (or 
starter sheets). The third problem is related to the” acid mist” generated as bubbles 
form as a result of the anodic reaction at the surface of the cells. The electrode 
materials as well as current density determine the behaviour of a bubble (Huet et al., 
2003). The surface energy or tension at the electrode surfaces determines where 
bubbles nucleate, where they reside, how easily a bubble detaches from an electrode 
and the size of bubbles. The gas released when bubbles detach and rise to the surface 
of the cell is detrimental to the workers and significant capital investment is needed 
for a suitable ventilation system. Various methods of suppressing acid mist have 
been investigated by different researchers. Surfactants, balls and hoods are some of 
the possible methods (McGinnity et al, 2014).    
Furthermore, to avoid electrical shorting of the cell due to the growth of the cathodic 
deposits, a significant amount of labour is needed to check the produced copper and 
maintain short-free operation (Evans and De Jonghe, 2002). Figure 2-1 shows a 
typical industrial copper electrowinning cell. 
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       Lead anodes  
 Copper cathodes  
  
 
+
  
 
-
 
 
Figure  2-1 Typical industrial Copper electrowinning cell 
Hrussanova et al. (2001) categorized the main goals of electrowinning as: 
(1) High copper deposit quality in terms of purity, structure and dendrites 
  
(2) Low energy consumption of the electrolyte 
 
To produce a high quality copper deposit, addition of appropriate additives to the 
electrolyte is suggested. Contamination and energy consumption are affected by 
corrosion and a high anodic potential of lead alloy anodes. To overcome these 
problems Hrussanova et al. (2001) suggested altering the anodic reaction by the 
addition of suitable amounts of metal ions into the electrolyte. Furthermore, they also 
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believed that addition of alloying elements onto the surface of a lead anode was a 
possible method in producing corrosion resistant anodes (Hrussanova et al., 2001). 
The mechanical weakness of pure lead and its tendency to creep and warp during use 
also brings about some difficulties. Hence, lead alloys are used to improve the 
mechanical properties of the anode. Alloying with transition metals as well as metals 
of group-14 has been used to stabilise the lead due to these metals’ ability to form 
alloys with many metallic and non-metallic elements (Zhang et al., 2001).  
2.1.2 Electrowinning of Zinc 
Zinc electrowinning is one of the most important methods of zinc production. Zinc 
electrowinning cells are almost the same as copper electrowinning cells except for 
the cathodes which are made of aluminium due to high hydrogen evolution potential 
rather than the stainless steel used in copper electrowinning. Around 80% of the 
world’s zinc is produced using electrowinning (Gurmen and Emre, 2003).  
Likewise copper electrowinning, zinc electrowinning has some problems. Much 
research has been devoted to overcoming the difficulties of zinc electrowinning 
(Mackinnon et al., 1988, Ault and Frazer, 1988, Petrova et al., 1999, Gurmen and 
Emre, 2003). Managing the impurities such as lead, copper and nickel is of major 
concern. However, high energy consumption of zinc electrowinning cells (which is 
about 3.25-3.4 kWh Kg
-1
 Zn
-1
 (Gurmen and Emre, 2003)) is the other major issue. In 
zinc electrowinning, the zinc deposits on the cathode become contaminated by 
dissolution of lead from the anode due to the low corrosion resistance of the anodes. 
Kozin and Kozin (1997) reported that addition of Ti, Ag, Co, Mn, Sn and Si as an 
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alloying element in the lead anodes greatly reduces cathode contamination by lead. 
Zinc deposits with lead content of only 1-4 ppm were produced employing lead alloy 
anodes. However, there is a limit to how much alloying element can be added. For 
instance, according to Spiridonov et al. (1975), more cobalt in the alloy produces a 
thinner protective layer of PbO2 on the surface of the anode, which made it more 
porous.  
It is believed that the presence of cobalt reduces the cell energy consumption and 
corrosion rate of the anode. In zinc electrowinning, addition of cobalt to the 
electrolyte is almost impossible due to low current efficiency. Furthermore, addition 
of cobalt ions into the electrolyte is not economical. Due to loss of cobalt in the 
bleed, the level of cobalt in the electrolyte must be maintained by constant addition 
of cobalt ions, which leads to high consumption of cobalt. As an alternative, 
composite electrodes in which cobalt has been introduced into the surface layer have 
been suggested as more favourable. Composite electrodes have a rougher surface 
structure which creates a larger surface area and results in a lower oxygen evolution 
potential. 
2.2 Electrochemical Oxidation of Lead in Sulphuric Acid 
When a new anode is placed into a copper electrowinning cell, a layer of lead 
sulphate is formed on the surface. This non conductive layer is converted via the 
applied potential in the cell to lead dioxide. The production of lead dioxides from 
lead sulphate allows the electrode to perform as an oxygen evolving electrode. The 
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oxygen generated at the surface of the anode reacts with the lead alloy to form lead 
oxide and converts both the lead oxide and lead sulphate to lead dioxide.  
Many authors have investigated the theory related to the electrochemical oxidation of 
lead anodes. During the last 40 years, cyclic voltammetry has been used to determine 
the composition of the anodic oxidation layers. Cyclic voltammetry is a process by 
which current is measured while the potential is systematically changed with time. 
With this technique the formation and disappearance of different products of lead in 
sulphuric acid can be studied.  
Figure ‎2-2 Typical cyclic voltammogram of lead rotating disc electrode  
(Nguyen et al., 2008) 
Figure 2-2 shows the result of a cyclic voltammetry measurement of a lead rotating 
disc electrode in 170 g dm
-3
 sulphuric acid solution after 24 h oxidation. The cyclic 
voltammogram was recorded for a potential scan rate of 10 mV Sec
-1
. There are three 
different regions in terms of anodic layer composition. When the potential is 
increased from -0.325 to 0.245 V/SHE (peak A), the anode surface converts from Pb 
to a passive layer of PbSO4. This passive layer acts as a membrane (Pavlov and 
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Dinev, 1980). In this initial step, the surface is not completely covered by lead 
sulphate, and the lead sulphate formation is strongly dependent on the anodic 
polarisation conditions, such as scan rate and the potential (Guo, 1991). The growth 
of lead sulphate crystals with time progressively decreases the uncovered area of the 
anode surface (Kuhn, 1979). In this situation there is a drastic reduction of the 
electrocatalytic activity of the lead.  
Further increase in potential from 0.245 to 1.60 V/SHE causes formation of a 
tetragonal PbO layer between the PbSO4 layer and the Pb substrate. When the 
potential goes above 1.60 V/SHE, this PbO converts to PbOn via a solid-state 
reaction and due to the stability of the PbO lattice no new oxidation phase is 
produced. In the next step, α-PbO2 and β-PbO2 layers (the relative amounts depend 
on the oxidation method) grow on the surface of the electrode and oxygen evolves 
(peak B) (Pavlov and Dinev, 1980).  
Scanning the potential back in the cathodic direction, from 1.60-1.50 V/SHE a 
reduction of lead dioxide to lead sulphate occurs (peak C). In this region dissolution 
of lead dioxide facilitates the nucleation of the lead sulphates on the surface of the 
electrode due to the lead-saturated electrolyte (Shiota et al., 2001). With further 
reduction in the potential to negative values, at potentials lower than -0.2 V/SHE lead 
oxide converts to lead sulphate followed by reduction of lead sulphate to metallic 
lead (peaks E and F).  
Three main anodic oxidation reactions for lead in sulphuric acid can be summarised 
by equations (2-5) to (2-7) (Ivanov et al., 2000a): 
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Pb+ SO4
2-→ PbSO4+ 2e
-
       E
0
= -0.356 V (SHE)    (‎2-5) 
2H 2O →O2+4 H
+
+ 4e
-
      E
0
= +0.401 V (SHE)   (‎2-6) 
PbSO4+ 2H 2O→ PbO2+ H2 SO4 +2H
+
+ 2e
-    
E
0
= +1.685V (SHE)    (‎2-7) 
Formation of different forms of lead oxide brings about considerable changes and 
stresses which lead to cracks in the anode surface through which H2SO4 can 
penetrate.  It is known that further growth of PbSO4 seals the cracks and causes the 
system to return to its original condition (Kuhn, 1979). 
Figure 2-3 illustrates the formation of lead dioxide between the lead sulphate layer 
and the lead substrate in the potential range of 0.245 to 1.60 V. 
Pb
H2SO4
Tetragonal PbO
 
 
PbSO4
 
Figure  2-3 Structure of the phase formed in the 0.245 to 1.60 V regions 
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2.3 Alternative Anodes for Copper and Zinc Electrowinning  
2.3.1 Lead Alloy Anodes  
In the field of hydrometallurgy research, the development of improved anodes that 
operate in sulphate solutions, have lower oxygen overpotential and are inert has a 
long history. Different lead alloys have been used as an inert anode in metal 
electrowinning systems to meet the requirements of high corrosion resistance (and 
hence longer service life), lower energy consumption due to lower oxygen 
overpotential and sufficient mechanical strength to not buckle in the cell or when 
moved in and out of the cell. It is also important to use low cost anodes to be able to 
compete in today’s market. It is reported that 20-25% of the overall energy 
consumption of the entire electrowinning system is due to oxygen evolution potential 
(Schmachtel et al., 2008).  
Much research has been devoted to finding catalysts to reduce the potential of 
oxygen evolution in these systems. The addition of some metal ions leads to 
alteration in the oxidation process of the Pb surface or to a decrease in the 
overpotential of oxygen evolution on the oxide layer (Ivanov et al., 2000a). 
Pb-Sb anodes were used for a long time in electrowinning systems. In these anodes, 
antimony reduces the expansion due to the conversion of lead to lead oxide and 
hence limits the stresses from this growth in layer volume (Mahato, 1979). However, 
the low corrosion resistance of these anodes led to their replacement with the now 
standard PbCaSn anodes, which have sufficient corrosion resistance and mechanical 
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stability, although they do not have ideal electrochemical properties (Stelter et al., 
2006).  
According to Rashkov et al. (1999), the most practical material to use as an anode for 
Zn electrowinning is a lead–silver (Pb–Ag) alloy in which the Ag content ranges 
from 0.5 to 1.0 wt%. Today the use of lead-silver alloys in anodes is widespread. 
However, silver is expensive and there are ongoing efforts to develop a cheaper 
anodic material. 
The anodic overpotentials for electrodes with 3 wt% Co prepared by a pulse plating 
technique are reported to be 80-100 mV lower than for Pb-Ag (1%) anodes (Rashkov 
et al., 1999). Increasing the amount of cobalt to 5 wt% led to increases in other 
properties of the anode, such as thickness of the composite layer. In addition, the 
layer with more cobalt was more adhesive.  
The corrosion behaviour of Pb-Co alloy anodes produced by Rashkov et al. (1999) 
with different cobalt concentrations is shown in Figure 2-4. According to their 
results, compared to Pb-Ag and pure Pb anodes, anodes with 1-4 wt% cobalt showed 
lower corrosion after 72 hours anodisation in acid at a current density of 5 A dm
-2
. 
However, according to a study by Stefanov and Dobrev (2005), the anodisation on 
the surface of lead cobalt alloy anodes is similar to that at the surface of conventional 
lead-silver anodes. 
Stefanov and Dobrev (2005) also prepared a number of cast alloyed anodes and 
compared their corrosion performance. Their results showed Pb-Ag 1%, Pb-Ag-As 
and Pb-Ag-Sn anodes were the most corrosion resistant (Rashkov et al., 1999). 
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Figure  2-4 Corrosion behaviour of Pb–Co anodes as a function of Co concentration 
compared to lead and lead-silver alloy anodes (Rashkov et al., 1999) 
Petrova et al. (1999) also studied the behaviour of cast alloys of lead with Co, Ag 
and Sn. Their results showed that with increasing cobalt content, the anode potential 
and corrosion rate of anode both decreased. They reported that there was limitation 
of adding Co as an alloying element due to its low solubility in lead. However, with 
the addition of Sn they were able to increase the concentration of Co up to 0.06% and 
improved performance of a Pb-Ag 0.2%-Sn 0.06%-Co 0.06% anode was reported.  
A considerable amount of research addressing the effect of cobalt on the 
performance of lead/lead alloy anodes has been done. Some of the published work 
was reviewed by Ivanov et al., (2000a and 2000b). They discussed the effect of 
cobalt as an alloying element, in pressed powder metal-ceramic anodes and as an 
additional ion in the electrolyte. They concluded that the corrosion rates of anodes 
with cobalt present in the system are generally lower. 
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Ivanov et al., (2000a and 2000b) also identified that ternary alloys like Pb-Ag-Si and 
Pb-Ag-Mn show similar corrosion rates to lead-silver binary alloys. In addition, 
introducing Tl or Sn to binary lead-silver anodes improved the corrosion resistance 
of the modified anodes.  
Yu and O’keefe (1999) evaluated the performance of different alloy anodes with and 
without cobalt in typical electrowinning conditions. Their results show that the 
performance of different lead alloys changes with the conditions they were used in. 
The results of their experiments considering stability, oxygen evolution activity and 
long term passivation, were: 
PbCaSn, PbIn and PbAg > PbAgCa    and     PbSb > PbCa > Pb 
They reported that cobalt can reduce the amount of PbO2 formation and believed that 
the effect of cobalt is totally dependent on the nature and quantity of active sites on 
the surface of the electrode on which oxygen evolution is taking place. Similarly, 
current density as well as concentration of acid can affect the potential of the anode. 
When the sulphuric acid concentration was increased above 90 g dm
-3
, the anodic 
potential increased. The authors concluded that the poorest results for anodic 
potential and anodic passivation were observed when a pure Pb anode was used. 
Another method of producing lead alloy anodes is to use the so-called spray 
technique (Schmachtel et al., 2009a and 2009b). In this study, the authors sprayed 
catalytic active MnO2 particles onto the surface of a conventional Pb electrode. The 
authors commented that due to using cold spray there was no change in the catalyst 
composition and structure. They used pressed tablet composite electrodes containing 
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lead and MnO2. Although all the modified anodes showed lower oxygen evolution 
potential compared with conventional lead-silver anodes when tested in 160 g dm
-3
 
sulphuric acid, chemical manganese dioxide (CMD) showed 250 mV lower anode 
potential than lead-silver anodes. As a result, a five percent energy saving for the 
system was reported by the authors. They also compared CMD electrodes with those 
fully covered with MnO2 and concluded that more catalytic behaviour was achieved 
even with a small fraction of the catalyst on the surface. According to their results, 
pressed tablet samples showed stability over 6h experiments in acidic media.  
 
Figure  2-5 Performance of the Pb-MnO2 anodes with changes in Mn wt% for CMD 
(■ 3% ● 5% ▲10% ◊ 15% □ 20% ○ 25% Δ 30%) (Schmachtel et al., 2009b) 
Figure 2-5 shows the effect of different Mn weight percentages used in a study by 
Schmachtel et al. (2009b). With increasing weight percentage of manganese dioxide, 
the potential at each current value decreases, although this is less clear as the weight 
percentage of MnO2 increases above 15%. According to the authors, with increasing 
MnO2 weight fraction, mechanical stability can be affected.  
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A USA based company producing lead based anodes called, RSR Technologies, 
(Prengaman et al., 2010) recently introduced a new cobalt-containing PbCaSn alloy 
anode for copper electrowinning. They used cobalt as an alloying element and 
obtained lower oxygen evolution potential on the anode. They reported that alloying 
a PbCaSn anode with cobalt significantly reduces cobalt loss into the electrolyte and 
the need for the continuous addition of cobalt to the solution is greatly reduced. In 
addition, they observed that the layer of corrosion products on the surface of a 
PbCaSn anode containing cobalt is thinner, with lower tendency to form PbSO4, and 
that this layer is more compact than that of the same electrode with no cobalt. They 
also investigated the economic benefits of using Co alloyed PbCaSn electrodes. With 
a reduction of almost 100 mV in the anode potential, the cost saving is reported to be 
around $3 per year per anode. They further assessed that by using this anode, 200 g 
Co per produced ton of copper would be saved. Considering that the normal cobalt 
addition is 100-800 g/ton, this would result in a cost reduction of $80,000 per year 
for a tankhouse producing 20,000 tons of copper per year. They also concluded that 
the cobalt alloyed anode has a longer service life than conventional anodes.  
Recently, Alamdari et al. (2012) reported the results of their investigation into the 
development of cobalt-containing lead alloy anodes. They employed plasma spraying 
to fabricate anodes for zinc electrowinning with a specific goal of using low cost 
processes. They used cobalt powders containing 1, 3 and 5 wt% Co to prepare 
sprayed, sprayed-partially rolled and sprayed-extra rolled lead alloys. They compared 
the oxygen evolution potential and corrosion rates of the produced electrodes. Fully 
sprayed electrodes showed higher corrosion rates and oxygen evolution potentials 
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than untreated lead electrodes. Also, 3 wt% cobalt sprayed-partially rolled electrodes 
showed much less corrosion than sprayed electrodes. However, they found that 5 
wt% cobalt sprayed-partially rolled electrodes possessed the same corrosion rate but 
higher oxygen evolution potential than 3 wt% Co samples. The corrosion rate and 
oxygen evolution potential of 5 wt% cobalt extra rolled samples were the same as for 
3 wt% cobalt sprayed-partially rolled electrodes. Cyclic voltammetry showed that 
increasing the amount of sprayed Co up to 3 wt% decreases the formation of PbO2 on 
the surface of the anode. 
Recently, Mohammadi and Alfantazi (2013) reported the results of their study on the 
anodic behaviour and corrosion resistance of lead anodes containing MnO2. They 
prepared the anodes using a powder pressing technique. They compared the 
properties of the Pb-MnO2 anodes with conventional PbCaSn anodes and reported 
that Pb-MnO2 anodes can reduce the energy consumption of the electrowinning 
systems via reducing the anodic potential. Figure 2-6 compares the potential of 
different anodes polarised in sulphuric acid at 37 
o
C and 50 mA m
-2
 for 70 hours.  
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Figure  2-6 Potential of different Pb-MnO2 anodes compared with Pb and PbCaSn 
anodes (Mohammadi and Alfantazi, 2013)  
In addition, they changed the MnO2 content and investigated the electrocatalytic 
capacity of the anodes. Their results showed there is a linear relationship between the 
MnO2 content and electrocatalytic activity of the fabricated anodes. Anodes with 
MnO2 content higher than 15 wt % showed decreased stability.  
In a separate study (Mohammadi et al, 2013) the electrochemical properties of Pb-
MnO2 anodes were investigated. They found that the catalytic effect of MnO2 was 
directly influenced by MnO2 concentration and anode composition. They reported 
that 15 wt % MnO2 was the optimum content, and above this the catalytic effect of 
the MnO2 decreased. They explained that this was caused by increased micro cracks 
and porosity of the sample surfaces. Manganese dioxide concentration also appeared 
to have a great impact on kinetics parameters such as Tafel slope and exchange 
current densities obtained for Pb-MnO2 anodes. Their results showed that increasing 
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manganese concentration from 0.5 to 3 g dm
-3
 increases the Tafel slope in both low 
and high potentials. 
2.3.2 Dimensionally Stable Composite Anodes  
In coated anodes containing a PbO2 layer deposited on top of an inert substrate, 
titanium is the most widely used substrate (Gonzalez-Garcia et al., 1999) due to its 
corrosion resistance (Pouilleau et al., 1997). Generally, substrates are chosen for 
good mechanical and chemical stability and are frequently pre-treated to clean the 
surface before coating, either by polishing, chemical or electrochemical methods 
(Bard et al., 2001). In the case of lead-titanium anodes, titanium usually stabilizes the 
lead, preventing it from spalling and passivation (Weems and Schledorn, 2005). Beer 
(1966) in the 1960s proposed that titanium can be used as a substrate in industrial 
applications to produce dimensionally stable anodes (DSAs). Such anodes are 
usually used in the evolution of chlorine or oxygen (Devilliers et al., 2004). 
Titanium’s resistance to corrosion is due to the formation of a very stable passive 
TiO2 layer on the surface of the metal. However, the gradual thickening of this oxide 
layer can also lead to deactivation of the DSA anodes. The method in which the 
anode coating is applied and how the substrate is prepared, determine the subsequent 
stability and electrochemical properties of the coated anode. 
To produce a flat coating deposited on top of the Ti substrate, three key steps are 
suggested by Mahe and Devilliers (2000): 
1- Polishing the Ti mechanically with alumina, diamond or SiC leading to a 
mirror finish  
                     Chapter 2. Review of Relevant Literature  
 
24 
 
2- Etching in a HF–HNO3 solution 
3- Etching with an aqueous H2SO4/HF solution or a non aqueous sulphuric acid 
methanol mixture  
As the electrode preparation method greatly influences the electrochemical 
performance, DSAs even with the same chemical composition can show different 
behaviours (Mahe and Devilliers, 2000). Hence, to assess the difference between the 
electrodes one should carefully observe the preparation process of the electrodes 
(Narayan et al., 2006). 
In 2003, ELTECH System Corporation introduced a hybrid anode, Mesh on Lead 
(MOL), to use in copper electrowinning. The MOL anode consisted of titanium mesh 
coated with an electrocatalyst such as RuO2, attached to a standard lead anode.  
They reported that the lead anode works as a current distributor and the combination 
of the stability of a DSA coating and the repair ability of titanium mesh helps to 
produce an economically viable alternative anode, with benefits such as a 12–17% 
energy saving over stabilised lead based electrodes. In such a system there is no need 
to add cobalt sulphate. In addition, the quality of the cathode was improved, with 
observations of less than 1 ppm lead. Current efficiency was reported to increase by 
up to 5% over stabilised lead based electrodes. This improvement mainly resulted 
from a reduction in short circuiting in a cell with MOL anodes. However, the mesh 
needs to be replaced every 12-16 months in commercial copper electrowinning tank 
houses as it loses its electrocatalytic activity (Moats et al., 2003). This can be a 
drawback of using this kind of anode.  
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From the technological point of view, the main advantage of MOL anodes is due to 
the electrocatalytic coating on the titanium mesh. The coating has a lower 
overpotential for the evolution of oxygen than the lead dioxide formed on the 
PbCaSn anodes.  
The most widely investigated Ti-based anode for oxygen evolution has an iridium 
dioxide coating. The service life of this anode is reported to be around 20 times 
longer than anodes with a ruthenium dioxide coating (Alves et al., 1998). On the 
other hand, IrO2 is more expensive than RuO2 and its electrocatalytic activity is 
slightly lower (Chen et al., 2001). It is worth mentioning here that the properties of 
RuO2 electrodes depend on the RuO2 percentage on the surface where the RuO2 
provides the catalytic activity (Aromaa and Forsen, 2006).  
Composite anodes on the surface of Ti were also made by electrodeposition of PbO2 
along with RuO2 on the surface of Ti (Bertoncello et al., 2000). Table 2-1 shows the 
relationship between the nature of the deposition bath and the oxygen evolution 
potential of the electrodes. Significant changes in potential of oxygen evolution were 
observed with different electrolytes.  
Table  2-1 Effect of using different deposition bath on the oxygen evolution potentials 
(Bertoncello et al., 2000) 
Electrolyte Sulphamate Acetate+ Nitrate Nitrate Perchlorate 
Oxygen evolution 
potential, V 
1.577 1.457 1.537 1.647 
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Bertoncello et al. (2000) also found that the pH of the deposition electrolyte is 
another factor that influences the oxygen evolution potential. They observed a 40 mV 
reduction in potential of the anode when they increased the pH from 1.4 to 3.5 in a 
sulphamate solution.     
Kulandaisamy et al. (1997) prepared a composite layer of Ir-Co on the surface of Ti 
substrate and observed a 50 mV dec
-1
 Tafel slope. They reported almost 450 mV 
lower oxygen evolution potential for this composite electrode than for a lead anode.  
Pavlovic and Dekanski (1997) also studied the behaviour of different metal|metal 
oxide coatings on anodes. They used Pt and Ti as substrates for electrodeposition of 
IrO2, RuO2, MnO2 and PbO2. Although the RuO2 coated electrode exhibited stability 
issues in acidic media during oxygen evolution, they reported that the RuO2 coated 
anode had a lower potential. The IrO2 coated electrode had lower corrosion 
resistance and showed higher electrocatalytic activity over 6 months when compared 
with RuO2 coated electrodes, operating with 20 mV potential. MnO2 coated 
electrodes showed no change in oxygen evolution potential than compared to Pb-Ag 
electrodes, but the coating protected the substrate from dissolution. In fact with the 
addition of a MnO2 layer on top of one of the IrO2 or RuO2 composite electrodes, 
compared with MnO2 coated Ti electrodes with no interlayer, anodes with better 
conductivity and lower potential were produced.  
To produce an anode with lower Tafel slope than one with a coating of just IrO2 
Alves et al., (1998) studied the preparation and performance of Ti-IrO2-TiO2-CeO2 
composite electrodes. They observed that the main effect of incorporation of CeO2 
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into the surface layer of the electrode was to increase the real surface area. They also 
evaluated the impact of the amount of CeO2 on the service life of the electrode. 
Figure 2-7 shows a minimum in service life at about 40 mol% CeO2. The authors 
linked this to the crystalline structure of the anode and confirmed that Ce dissolution 
is favourable at this molar percentage. 
 
Figure  2-7 Service life of Ti-IrO2-TiO2-CeO2 electrodes with changing CeO2 
percentage (Alves et al., 1998) 
Anodes using titanium as a substrate with a Ir oxide -Ta oxide composite coating 
were investigated by Rolewicz et al. (1988). Ti-IrO2–Ta2O5 anodes showed excellent 
stability insulphuric acid solutions. IrO2 acts as the electrochemically active 
component while Ta2O5 serves to stabilize IrO2 during anodic polarisation.  
Generally, RuO2-based anodes are unstable for oxygen evolution. The stable form of 
ruthenium oxide (ruthenium dioxide) easily converts to unstable ruthenium 
tetraoxide at high potentials, and this causes the electrocatalytic effect of ruthenium 
to drop (Hine et al., 1979). To improve stability, Ti-RuO2-Sb2O5-SnO2 electrodes 
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have been investigated (Chen and Chen, 2005). In this electrode, RuO2 was used as 
the catalyst, while SnO2 served as a dispersing agent and corrosion inhibitor. Tin 
improves the corrosion resistance and the adhesion between the grid and the inner 
layer, and helps to produce a uniform and compact layer which is low in stress and 
cracks (Mahato, 1979). To enhance the conductivity, they employed Sb2O5 as a 
dopant. Introducing Ru, Sn and Sb oxides into the coating produced a compact 
structure with a service life 15 times longer than RuO2-based anodes, with 307 hours 
polarisation life. Tafel plots obtained on the surface of Ti-RuO2-SnO2-Sb2O5 and Ti-
RuO2 composite electrodes in 0.5 M H2SO4 at 25 °C and at a scan rate of 0.002 V 
sec
-1
 are shown in Figure 2-8. This Figure was plotted using “Origin Pro 8” software 
from the data presented in the study by Chen and Chen (2005).  The OriginLab 
publishes Origin, an industry-leading scientific graphing and data analysis software. 
In comparison with common Ti-RuO2 electrodes, this Ti-RuO2-Sb2O5-SnO2 electrode 
showed a larger Tafel slope with a slope at low potentials of 63 mV dec
-1 
and a slope 
at high potentials of 94 mV dec
-1
. The corresponding Tafel slopes for Ti-RuO2 were 
31-41 mV dec
-1
 in the low potential region and 42-66 mV dec
-1
 in the high potential 
range. 
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Figure  2-8 Tafel plot obtained on the surface of Ti-RuO2-SnO2-Sb2O5 and Ti-RuO2 
composite electrodes (From Chen and Chen, 2005) 
Using surface morphology characterisation, the Ti-RuO2-Sb2O5-SnO2 electrode 
showed fewer cracks compared to RuO2 coated electrodes. This would suggest that 
the presence of Sn and Sb in the composite layer improves the coating structure. The 
authors also claimed that this new composite anode could operate for longer than Ti-
RuO2 anodes at low current densities (lower than 200 A m
-2
) without deformation. 
Da Silva et al. (2000, 2001) used Co3O4 (1-X) particles to provide a larger 
electrochemically active surface area for a RuO2 (X) + Co3O4 (1-X) composite electrode 
with a Ti substrate, and tested the properties of the modified electrode in acid 
conditions. They reported that this metal oxide composite layer were stabilised by 
RuO2, resulting in strong structure improvement. They also noted that altering the 
percentage of ruthenium and cobalt oxide in the surface changed the Tafel slope and 
the overpotential of oxygen evolution. A composite with 30-80 mol% RuO2 was 
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observed to have the lowest Tafel slope, while the highest electrocatalytic activity 
was observed for electrodes with 20-40 mol% RuO2. They reported a 300 mV 
reduction in oxygen evolution overpotential for ruthenium-cobalt oxides coated Ti 
electrodes compared to Ti-Co3O4 electrodes. 
In 2002, the authors continued their study on the service life of Ru oxide-containing 
electrodes Da Silva et al. (2002). Figure 2-9 shows the service life of these composite 
electrodes with different molar percentages of RuO2. 
 
Figure ‎2-9 Service life of Ru oxide-containing electrodes with changing RuO2 
percentage (Da Silva et al., 2002) 
Another coating that has been investigated is lead dioxide. As anodes with a lead 
dioxide coating possess high electrical conductivity, good electrochemical and 
chemical stability against corrosion and are relatively inexpensive, researchers have 
long considered using lead dioxide as a surface layer on a Ti substrate, sometimes 
doped with other metal oxides such as ZrO2, TiO2, Ta2O5, CoOx, Co3O4, RuO2 and 
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others (Velichenko et al., 2009a, 2009b and 2009c; Yeo et al., 2010; Morimitsu et al., 
2010; Cattarin et al., 2001; Musiani et al., 1997; Bertoncello et al., 2000).  
Velichenko et al. (2008) produced a PbO2-ZrO2 composite layer by electrodeposition 
on the surface of titanium employing lead nitrate solutions. They used dispersed 
particles of ZrO2 in the electrolyte and found that temperature and pH influenced the 
concentration of the ZrO2 particles embedded in the composite layer. By changing 
the electrodeposition conditions they obtained composite materials with 1-25 wt % 
ZrO2. The incorporation of zirconium dioxide into the lead dioxide layer resulted in a 
layer with a large effective surface area, which is favourable for electrowinning. 
Velichenko et al. (2009a) subsequently replaced ZrO2 with Ti particles in an effort to 
prepare PbO2-Ti composite layers. They found that introducing Ti particles changes 
the structure and morphology of the composite such that the lead dioxide crystals are 
smaller. However the Ti particles are not the only determining factor. Other factors 
such as current density and temperature can affect the morphology of the composite 
layer. Varying the current density, temperature and pH, they produced composite 
electrodes containing 1-28 wt% titanium. When the current density was increased to 
10 mA cm
-2
, the amount of titanium in the composite coating was decreased from 14 
to 8 wt%. Increasing the temperature resulted in a reduction in particle size, possibly 
due to lower viscosity of the electrolyte. With decreasing pH, Ti content in the 
surface of the anode increased.  
In another experiment, Velichenko et al. (2009 b) replaced titanium particles with 
suspended titanium dioxide in the electrolyte. As a result they produced composite 
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electrodes containing 1-20 wt% titanium dioxide. They also tested the effect of an 
anionic surfactant (sodium dodecyl sulphate) in the electrolyte. The results showed 
that the lowest content of Ti into the coated electrode occurs when the surfactant-
containing electrolyte was used.  
 
Figure ‎2-10 Cyclic voltammograms for Pt electrode 1) Lead nitrate solution, 2) Lead 
nitrate solution along with 5 g dm
-3
 TiO2 (Velichenko et al., 2009 b) 
The effect of TiO2 particles on the performance of the lead dioxide layer is shown in 
Figure 2-10. The position and shape of the anodic and cathodic peaks related to 
oxygen evolution and PbO2 reduction have changed in the presence of TiO2 particles. 
As can be seen in Figure 2-10, the anodic peak related to PbO2 formation and oxygen 
evolution has shifted to a less positive potential which means that the presence of 
TiO2 facilitated the production of PbO2 and as a result oxygen evolution. Also the 
cathodic peak at 1 V was broader in the presence of titanium dioxide. Figure 2-11 
shows SEM images of different composite layers produced during the study. 
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Figure  2-11 SEM images of the composite electrodes,  a) PbO2-ZrO2 (Velichenko et 
al., 2008) b) PbO2-TiO2 (Velichenko et al., 2009 b), c) PbO2-Ti (Velichenko et al., 
2009 a) 
Msindo et al., (2009) investigated the properties of Ti-IrO2-Ta2O5 anodes compared 
to Pb-6% Sn electrodes. They used plate and mesh DSA anodes and observed that 
the lowest anodic potential was obtained with mesh electrodes anodised at 190 A m
-2
 
in an electrolyte containing 55 g dm
-3
 Cu and 100 g dm
-3
 H2SO4. They explained this 
observation as being due to the larger surface area of DSA mesh anodes. Their 
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results can be seen in Figure 2-12. According to their results, DSA mesh anodes 
operated at the lowest anodic potential whereas DSA plate anodes had the lowest 
corrosion rate. The authors concluded that with DSA anodes (mesh and plate), a 20% 
reduction in cell energy consumption could be achieved. 
 
Figure ‎2-12 Anode potential–time curves for PbSb and Ti-IrO2–Ta2O5 
(Plate and mesh) anodes (Msindo et al., 2009) 
Thermal deposition of Ir and Ta oxides onto a titanium substrate has been 
investigated by Morimitsu et al. (2010). The authors produced an amorphous IrO2-
Ta2O5 layer on the titanium substrate and obtained an electrode with high catalytic 
activity. They formed an amorphous IrO2-Ta2O5 layer on the titanium, rather than a 
crystalline layer, and observed that this reduced the cell voltage. They explained this 
as due to the amount of PbO2 rising with crystalline Ti-IrO2-Ta2O5 electrodes and 
causing the cell voltage to increase. Morimitsu (2011) presented results of the 
performance of Ti based IrO2-Ta2O5 coated composite electrodes in terms of cell 
voltage during use of these electrodes in FCX’s Chino copper electrowinning plant. 
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Table 2-2 summarises the cell voltages of these composite electrodes and compares 
them with standard Pb-5% Sb electrodes.   
Table  2-2 Cell voltage of Ti based composite anodes compared with Pb-Sb anode 
(From Morimitsu, 2011) 
                 
Anode 
Amorphous  
IrO2-Ta2O5 
Crystalline  
IrO2-Ta2O5 
Pb-5% Sb 
 Cu 1.37 1.55 1.92 
Cell Voltage, V Zn 2.46 2.62 3.01 
 Zn (Mn) 2.52 2.65 3.10 
 Co 2.10 2.20 2.35 
 
Yeo et al. (2010) studied the electrochemical activity of Ti based anodes coated with 
lead dioxide produced using different methods such as thermal or electrochemical 
deposition or a combination of these two methods. They prepared Ti electrodes 
coated with (i) lead, (ii) titanium, (iii) an interlayer of metal oxide with lead dioxide 
on the top. 
As their results showed, the preparation method has a great influence on the 
electrochemical activity of the electrode. For the different Ti-based composite 
electrodes which were prepared using either an electrochemical method or thermal 
deposition, those with a metallic interlayer formed by the electodeposition method 
and lead dioxide on the top (such as Ti-Pb-PbO2) showed greater surface roughness 
than those formed by any of the other methods. Having greater surface roughness 
resulted in better electrochemical activity of the electrode in terms of anode potential. 
Table 2-3 shows the estimated roughness factor for these composite electrodes. They 
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used Kapp values as a comparison method and assumed a value of 1 for Ti-TiO2-
PbO2(E) and Ti-Pb(E)-PbO2(E) and obtained the values for the rest of composite 
electrodes.   
Table  2-3 Roughness factors of coated Ti electrodes by five different methods 
(Yeo et al., 2010) 
Electrode Roughness factor 
Ti-TiO2-PbO2 (E) 1 
Ti-Pb(E)-PbO2(E) 1 
Ti-TiO2-PbO2 (T,E) 1.67 
Ti-Pb(E), PbO2 (E) 2.76 
Ti-Pb(E)-PbO2 (T,E) 8.98 
 
Roughness factors show that composite electrodes which contained a thermally-
deposited interlayer have a greater surface area than the other electrodes, which 
results in lower anode potential.  
Recently De Nora Company released the results of a new study on a novel DSA
®
 
anode based on a Ti substrate for electrowinning of non-ferrous metals. They 
produced DSA anodes with IrO2 and RuO2 oxides coated on top of the Ti substrate 
using thermal deposition. The composite coated electrode showed improved catalytic 
activity, high conductivity, corrosion resistance and mechanical stability. They also 
reported a reduction of 0.3 to 0.55 V in cell voltage, depending on the electrowinning 
conditions (Brown et al., 2012). 
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2.3.3 Lead-Cobalt Composite Anodes 
The preferred anode for base metal electrowinning is a lead based anode. They are 
conductive, relatively stable and economical (Clancy et al., 2013). Lead based 
anodes with cobalt electrodeposited on the surface have been the subject of 
significant research. It is believed that introducing cobalt into the surface layer of the 
anode provides all the benefits of having cobalt into the electrolyte, but the cobalt 
does not get lost in the bleed from the circuit and as a result this anode is more 
economical.  
Musiani et al., (1997) prepared Co3O4 rich composite electrodes and evaluated the 
electrocatalytic activity of the composite electrodes in basic media. They produced a 
PbO2-Co3O4 composite layer on top of a Ni substrate. They compared the 
overpotential of oxygen evolution as well as the Tafel slope of the PbO2 anode and 
the PbO2-Co3O4 composite anode in basic media. They obtained lower oxygen 
evolution potential and a Tafel slope of 40 mV dec
-1
 for the composite electrode with 
cobalt oxide. Their results showed that as the amount of cobalt oxide in the matrix 
increases, the Tafel slope and oxygen overpotential both decreases. This was 
correlated to the volume fraction of Co3O4 in the deposit.  
Later, Musiani and Guerriero (1998) extended their study on cobalt oxide composite 
electrodes. They employed a different metal substrate on which the Co3O4 was 
electrodeposited. Their results showed, regardless of the nature of the matrix, the 
composite electrodes containing Co3O4 demonstrate excellent performance and 
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stability during long term anodisation in 1 M NaOH. Values for overpotentials of 
oxygen and Tafel slopes of various composite electrodes can be seen in Table 2-4. 
Table  2-4 Specifications of different cobalt composite electrodes studied by Musiani 
and Guerriero study (1998)  
Composite layer η, mV Tafel slope, mV dec-1 
PbO2-Co3O4 505 65-75 
Ni-Co3O4 610 75-80 
Pb-Co3O4 560 80-85 
  
Figure 2-13 shows the SEM images of the PbO2-Co3O4 composite electrode 
deposited from a sulphamate solution. The image on the right is a higher 
magnification of the surface layer.  
 
 
 
 
Figure ‎2-13 SEM images of the modified anode surface in a sulphamate solution 
bath containing cobalt (Musiani and Guerriero, 1998) 
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Bertoncello et al. (1999) continued the research into Co3O4 composite electrodes and 
confirmed the catalytic activity of the Co3O4 composite layer on the surface of 
different substrates. Upon examination of different composite electrodes such as 
PbO2-Co3O4, Ti2O3-Co3O4 and Ni-Co3O4, they found a rougher surface layer for the 
Ni matrix electrode although this showed less electrocatalytic activity. They 
suggested this could be due to the formation of different modifications during cobalt 
deposition on the surface of the nickel substrate. 
Generally, the addition of cobalt to a lead electrode results in more homogeneous 
crystals in the PbO2 layer. Furthermore, cobalt uniformly distributes the current 
density on the surface of the electrode and acts as a protective agent (Ivanov et al., 
2000b). 
Cattarin et al. (2000) studied the formation and performance of PbO2-CoOx and 
PbO2-Co3O4 composite electrodes from sulphamate solutions in the presence and 
absence of Co3O4 suspended particles. They observed that these two composite 
electrodes work with approximately similar oxygen evolution potentials in basic 
media. However, the authors concluded that the PbO2-Co3O4 composite electrodes 
have better conductivity and mechanical strength.  
Cattarin et al. (2001) continued the study of cobalt rich composite electrodes and 
found that PbO2-CoOx composite layers become very rough in the presence of 
dispersed particles of Co3O4 or NiCo2O4 in the electrolyte. Comparing PbO2+ Co3O4  
and PbO2+ CoOX composite anodes (as shown in Table 2-5) with the anodes 
prepared in the absence of suspended particles by Musiani et al. (1998), the anodes 
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prepared in the presence of dispersed particles possess much higher initial catalytic 
activity, but this benefit disappeared after only a few days of polarisation. In this 
case, with increasing amounts of cobalt, they observed a decline in the potential of 
the anode and this reduction of potential was independent of the nature of the cobalt 
compound used in the electrolyte.  
Table  2-5 Oxygen evolution potential of various composite electrodes anodised in 1 
mol L
-1
 NaOH 
Anode material 
E o.e.r  
after 1 h  
E o.e.r  
after 100 h  
Reference 
PbO2+ Co3O4 (from NaOH) 847 877 (Musiani et al., 1997) 
PbO2+ Co3O4 (from sulphamate) 847 877 (Musiani et al., 1998) 
PbO2+ CoOx  872 847 (Cattarin et al., 2000) 
(PbO2+ CoOx) + Co3O4 747 877 (Cattarin et al., 2001) 
(PbO2+ CoOx) + NiCo2O4 747 847 (Cattarin et al., 2001) 
 
The catalytic effect of cobalt in metal electrowinning systems has been explained by 
Huet et al. (2003), who observed that in addition to providing the catalytic active 
area, cobalt increases the roughness of the metal oxide matrix and helps to reduce the 
overpotential of oxygen evolution reaction.  
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The behaviour of Pb-Co3O4 composite electrodes in acid media was investigated by 
Hrussanova et al. (2001). They used sulphamate solution to deposit the lead-cobalt 
composite layer cathodically. Upon subsequent oxidation of the composite electrodes 
in a solution of 30 g dm
-3
 Cu 
2+ 
+85 g dm
-3
 H2SO4, they found that this composite 
electrode works with approximately 550 mV lower oxygen evolution potential than 
PbSb and Pb electrodes under the same conditions. In addition, using cyclic 
voltammograms they observed that the cathodic peak associated with the reduction 
of lead dioxide to lead sulphate was shifted to a less positive potential when using a 
lead-cobalt composite electrode. They hypothesised that this is due to less PbO2 
being formed on the surface of the Pb-Co3O4 electrode. The voltammograms on the 
surface of a PbO2-Co3O4 composite electrode compared with PbSb and Pb electrodes 
are shown in Figure 2-14.  
 
Figure ‎2-14 Voltammograms of Pb-Co3O4 composite anodes compared with Pb and 
Pb-Sb anodes (Hrussanova et al., 2001)  
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The authors concluded that the corrosion rate of the Pb-Co3O4 composite electrode is 
almost 6.7 times lower than that of the PbSb anode. The authors also claimed that at 
a fixed temperature of 40 
o
C the lowest anodic potential was observed for the Pb-
Co3O4 electrode. However, increasing the temperature helps the depolarisation of 
different composite electrodes to occur faster (Hrussanova et al., 2004 b).  
They also examined the effect of certain electrolyte additives (polyethelyne gelycol 
and gelatin + thiourea) on the behaviour of the Pb-Co3O4 composite electrode. The 
results for each additive were similar and showed that the addition of the additive can 
reduce the formation of lead dioxide on the Pb-Co3O4 anode and depolarise the 
oxygen evolution. Compared with polyethelyne gelycol, adding gelatine and thiourea 
led to formation of less lead dioxide (Hrussanova et al., 2001). 
Investigations into the behaviour of lead-cobalt composite electrodes were 
undertaken by Velichenko et al. (2002). They studied the performance of an 
electrode with a Co-doped PbO2 layer produced in a nitrate solution containing lead 
and cobalt ions. They observed that the incorporation of cobalt into the growing lead 
dioxide coating involves two steps: chemical adsorption of the cobalt onto the 
growing metal oxide deposit and electro-oxidation of the Co (II) in the oxide layer to 
Co (III). 
They also reported that increase in the anodic current density in the presence of Co 
ions and related that to the enhanced oxygen evolution. Temperature, pH, the rate of 
adsorption of cobalt ions on the growing PbO2 and the presence of F
-
 ions were 
reported to affect the amount of cobalt in PbO2 layer. It was concluded that by 
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increasing the temperature from 25 to 65 
o
C and pH of the electrolyte, the potential 
of the produced anode decreases by nearly 100 mV. Under otherwise consistent 
conditions in the electroplating bath, with the addition of 0.01 M F
-
 ion, the cobalt 
concentration in the coating increased from 0.024 to 0.0526 wt%. With a further 
increase to 0.02 M of F
-
, the cobalt concentration is relatively constant at 0.0428 wt% 
in the composite layer. 
The anodic potential in the coating process determines the amount of cobalt doped in 
PbO2. SEM images of the composite layers deposited from a nitrate bath at a current 
density of 400 A m
-2
 in the presence and absence of Co ions and in the presence of 
Co and F
-
 ions are given in Figure 2-15. As shown in Figure 2-15, in the presence of 
fluoride ions, lead dioxide crystals are better orientated and smaller.  
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Figure  2-15 SEM images of PbO2 films in a solution with no Co, 0.01 M Co and 
0.01M Co+ 0.01 M F
-
(top to bottom) (Velichenko et al., 2002) 
Yanqing et al. (2010) also produced a compact, homogeneous but not especially 
rough composite layer of PbO2-CoOx and compared that with a PbO2-Co3O4 
composite layer. The comparison between PbO2-CoOx and PbO2-Co3O4 shows that 
cobalt content in the oxide composite increases with simultaneous oxidation of lead 
and cobalt, although using Co3O4 suspended particles does not change the 
mechanical strength and conductivity of the electrode. They also observed that with 
only small concentrations of Co present in the composite layer, lead dioxide 
crystallisation will be halted, even if the cobalt is less than 10%. 
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2.4 Electrocatalytic Effect of Cobalt  
The idea of introducing cobalt into the electrolyte to form stable anodes with lower 
potential of oxygen goes back to 1938. Rey et al. (1938) evaluated the effect of 
cobalt in reducing contamination of the cathode in copper electrowinning as well as 
reducing the potential of the lead anodes. In their study, they also investigated the 
contamination of the cathode in zinc electrowinning using pure lead and lead-silver 
anodes. Contamination of produced zinc was evaluated with the addition of different 
amounts of cobalt into the electrolyte. As they reported, cobalt can reduce the 
deposition of lead at the cathode surface. They pre-treated the surface of the anode in 
a cobalt-containing solution and observed that contamination of cathode was 
decreased. To pre-treat the substrate, they placed the lead electrode into a cobalt 
sulphate solution with and without current and for different times, prior to its use in 
an electrowinning cell. Table 2-6 compares the time over which the cobalt provided 
protective action for lead anodes versus the immersion time. 
Table  2-6 Effect of pre-treatment of pure lead in cobalt continuing solution 
 With Current (300 A m
-2
) No Current 
Time of immersion in cobalt solution (min.) 1 20 180 60 
Duration of protective action (h) 48 48 250 10 
 
Furthermore, the authors examined the effect of cobalt ions on the potential of the 
lead based anodes. They reported that a reduction in the anodic potential with the 
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addition of 7.5 mg dm
-3
 cobalt was achievable. They linked this phenomenon to a 
protective film formed on the surface of the electrode in the presence of cobalt which 
prevents sulphate ions from penetrating the surface of the electrode and causing any 
further corrosion. 
Koenig and his co-workers (1941) examined the effect of cobalt ions of up to 20 mg 
dm
-3
 on the lead anodic reaction. They confirmed that the potential and corrosion rate 
of the anode reduce in the presence of cobalt ions. A similar result was later reported 
by Tsuruoka (1958). Tsuruoka studied the effect of cobalt ions in a typical zinc 
electrowinning system and confirmed the reduction in lead dissolution when cobalt 
ions are present in the electrolyte. 
The use of lead or lead alloy anodes activated prior to use in an electrowinning 
system to decrease the overpotential of oxygen evolution was re-visited by Nidola 
and De Nora (1985). They developed a lead based anode activated by immersing the 
anode into a molten salt bath containing a hydrated cobalt nitrate. This anode showed 
0.15-0.25 V lower potential when operated under electrowinning conditions. They 
also reported that the contact time between the anode and the molten bath might need 
to be varied between 20 minutes to 3 hours to achieve the same result, depending on 
the bath temperature. They observed that in the presence of antimony in the lead, this 
improvement is not apparent. 
Later Nidola (1989) published the results of a study of anodes treated with a “molten 
salt route” technique, which was developed in an earlier study (Nidola and De Nora, 
1985). He pre-treated the electrode by using a two-step method involving chemical 
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treatment with a cobalt salt precursor followed by conversion of the compounds 
produced on the surface by applying precursors into active oxides via an 
electrochemical method. He found that anodes produced in this way show a potential 
of 1.75 V after 1200 h, which was lower than either PbCa anodes (with 1.76 V) or a 
PbSb anode (with 1.94 V). The author also proposed a mechanism to explain the 
potential reduction based on acidic hydrolysis according to reaction (2-8).  
Co (NO3)2+2 H2O→ Co (OH)2+2 HNO3     ( 2-8) 
Pb+ 2 HNO3→ Pb(NO3)2 + H2      (2-9) 
Co
2+
 + 2OH
-
 → Co(OH)2       (2-10) 
x Pb(NO3)2 + Co (OH)2 → Pbx Co1-x (OH)2 + xCo(NO3)2   (2-11) 
Following the reaction (2-9) lead reacts with the nitric acid to produce lead nitrate 
and H2. Hence, Pb decreases in solution as the nitrate forms. In the next stage Co 
ions precipitate as Co (OH)2 (reaction 2-10) and finally according to reaction (2-11) 
lead nitrate interacts with Co(OH)2. 
Pavlov and Monahov, (1996 and 1998) proposed that cobalt-containing adsorbate 
alters the active centres involved in oxygen evolution and is therefore responsible for 
lowering the overpotential of oxygen. They also suggested that the active zone on the 
surface of lead anode is a gel zone consisting of a polymer network of hydrated 
chains (PbO(OH)2 molecules) which are the active centres that interact with the 
solution by exchanging cations, anions, and water molecules. According to equations 
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(2-12) and (2-13) the oxygen evolution reaction takes place within the gel zone. (see 
Figure 2-16).  
PbO(OH)2 + H2O → PbO(OH)2 · · · (OH)
0
 + H
+
 + e−    (2-12) 
PbO(OH)2 · · · (OH)
0
 → PbO(OH)2 + O + H
+
 + e−    (2-13) 
Combination of oxygen atoms in the hydrated zones produces oxygen molecules, 
which evolve as gas.  
 
Figure  2-16 a) model for the hydrated polymer chain in the proposed gel PbO(OH)2 
zones, b) model of anode structure during oxygen evolution.  Pavlov and Monahov 
(1996) 
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Some of the published work relating to the effect of cobalt and behaviour of the 
anode in the presence of cobalt has been reviewed by Ivanov et al. (2000a, 2000b). 
An updated literature review on the influence of cobalt in solution on the 
performance of lead based anodes in copper electrowinning was provided by 
Nikoloski and Nicol (2008), followed by a separate review focusing on the direct 
addition of cobalt to the lead surface layer (Nikoloski and Nicol, 2010). These papers 
outline the effects of cobalt addition, either to the electrolyte or to the surface layer 
of the anode and show that in either case the main benefits involve i) reduced energy 
consumption due to depolarised oxygen evolution reaction and ii) reduced anode 
corrosion resulting in less PbO2 produced and lower contamination of cathodes.  
According to Cifuentes et al. (2005), cobalt not only decreases oxygen evolution 
potential, but also brings about formation of a well adherent layer of lead (IV) which 
is less porous. This layer shields the substrate from corrosion. They reported that 
with 100 ppm Co in solution the corrosion rate decreases almost 95%.  
The catalytic effect of cobalt can be related to the fact that cobalt (II) ions oxidise to 
cobalt (III) and the new cobalt (III) species react with water molecules to produce 
cobalt (II) ions again, thereby retarding the formation of PbO2 and hence corrosion 
(Cachet et al., 1999). Koch (1959) also suggested that due to the oxidation of Co
2+
 to 
Co
3+
 at potentials above 1.83 V, cobalt ions reduce the corrosion of lead. Moreover, 
cobalt ions can provide an alternative pathway for the evolution of oxygen in the 
following way. 
The addition of Co ions to the acidic sulphate electrolyte bath brings about the 
                     Chapter 2. Review of Relevant Literature  
 
50 
 
following advantages (Hrussanova et al., 2001).  
 Considerable reduction in the overpotential of oxygen evolution.   
 Improvement in the cathode copper quality by reducing lead contamination.  
In a review by Ivanov et al. (2000 b), the mechanism by which cobalt ions can affect 
the surface of the lead or lead-alloy anodes was investigated. They suggested that in 
the presence of cobalt in solution, oxidation of Co
2+
 to Co
3+
 occurs and these cobalt 
compounds decompose with water and reduce the formation of PbO2 at the surface of 
the electrode (reaction 2-14). They also suggested that after this oxidation, according 
to reaction 2-15, Co
3+
 ions react with OH
-
 ions to produce CoOH
2+
 that converts 
again to Co
2+
, water and oxygen (reaction 2-16 and reaction 2-17). This composition 
and decomposition take place at different sites on the anode and catalyses the oxygen 
evolution. They also proposed that in the presence of cobalt, a more homogeneous 
layer of PbO2 is formed on the surface of electrode. Finally, they noted that current 
density distributes all over the surface area of the electrode when there is cobalt on 
the surface layer. 
Co
2+
 → Co3++ e-        ( 2-14) 
Co
3+
+ OH
-
 → CoOH2+       ( 2-15) 
2 CoOH
2+
 → 2 Co2+ + H2O + O      ( 2-16) 
O + O → O2         ( 2-17) 
There has been another possible mechanism of the effect of cobalt proposed by 
Nguyen and Atrens (2009). They used XRD and XPS to look at the surface of the 
anode coating. In agreement with other studies, they found that the layer is thinner 
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and more compact in the presence of cobalt. According to these authors, cobalt can 
decrease the oxidation of the metallic lead to α-PbO2 and conversion of lead to lead 
sulphate. 
Velichenko et al. (2002) offered another explanation of the effect of cobalt in the 
electrowinning system. They proposed two stages for incorporation of cobalt into the 
lead oxide. Firstly, oxide deposits adsorb the cations of cobalt chemically and then 
Co
2+
 species convert to Co
3+
. They compared their hypothesis with the case where 
Fe
3+
 is present in the system as a dopant element and concluded that Co
2+
 ions unlike 
Fe
3+
 ions have lower tendency to hydrolysis.  
The advantage of using cobalt in electrowinning systems is not limited to the benefits 
described above. Using weight loss tests and surface analysis techniques, Cifuents et 
al. (2005) found that the lead corrosion during any disruption to the current 
decreased in the presence of cobalt, iron and some organic additives. Current 
disruptions can be caused by either power loss or cleaning of the electrowinning cell. 
It is very important to apply a current to protect the PbO2 layer from reduction to 
lead sulphate. Nikoloski at al. (2010) published a series of experimental results on 
current disruption. They reported that there is a minimum current density that needs 
to be applied to preserve the PbO2 layer on the surface of the anode. This current 
density can be in a range of 20-50 A m
-2
 with the optimum current density of 50 A 
m
-2
; however, this current density does not seem to be economical to apply. 
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3 MATERIALS AND METHODS 
This section contains all the details related to the materials and methods used for the 
experimental study including information about solutions and equipment used for 
this study. 
The most comprehensive set of measurements was made for small disc electrodes 
that were fabricated for the full range of substrate-coating combinations considered 
in this study. The combinations with the most promising performance in terms of 
overpotential and corrosion rate were then selected for small plate electrode studies 
that focused on a more precise determination of corrosion rate and cathode 
contamination. Finally, the most promising of the composite-coated electrodes used 
in the small plate electrode studies was used in a large size electrode study, and its 
overpotential and corrosion rate were compared with those of a conventional PbCaSn 
electrode. 
3.1 Preparation of Solutions 
Different synthetic solutions were prepared to use in the production of the 
composite-coated electrodes, and synthetic solutions were also prepared to use as the 
electrolyte solutions to test the composite electrodes. Deionised (DI) water was used 
to prepare all solutions. 
For electrowinning experiments a solution of 180 g dm
-3 
H2SO4 was prepared using 
Analytical Reagent (AR) grade sulphuric acid. In preparing the coatings, AR grade 
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lead nitrate, lead acetate, cobalt nitrate and lead carbonate reagents were used. Co3O4 
particles were used as received in the original pack with size of less than 10 µm and 
AR grade. Table 3-1 shows more details of the reagents used in preparation and 
testing of the composite-coated electrodes. 
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Table 3-1 Reagents used in this study 
 
 
Reagent Supplier Chemical formula grade 
Ammonium sulphamate Crown 
Scientific 
NH2SO3NH4 AR 
Lead nitrate Crown 
Scientific 
Pb(NO3)2 AR 
Cobalt nitrate 
hexahydrate 
Crown 
Scientific 
Co (NO3)2. 6H2O AR 
Cobalt oxide Sigma Aldrich Co3O4 AR 
Lead carbonate basic  Crown 
Scientific 
C2H2O8Pb3 extra 
pure 
Lead acetate Crown 
Scientific 
Pb (CH3COO) 2. 
Pb(OH)2 
AR 
O-toluidine Merck C7H9N AR 
Antimony trichloride Sigma Aldrich SbCl3 AR 
Sulphamic acid Crown 
Scientific 
H2SO4NSO3 AR 
Tin tetrachloride Sigma Aldrich SnCl4. 5H2O AR 
Thiourea AJAX 
chemicals 
C7H9N LR 
Glue Leiner Davis  -- -- 
Oxalic acid Fisher Scientific H2C2O4 AR 
Isopropanol Fisher Scientific (CH3)2CHOH AR 
Sulphuric acid Sigma Aldrich H2SO4 AR 
Hydrochloric acid Merck HCl AR 
Sodium Hydroxide AJAX 
chemicals 
NaOH AR 
Mannitol AJAX 
chemicals 
CH2OH(CHOH)4CH2OH AR 
Potassium sulphate  Crown 
Scientific 
K2SO4 AR 
Sodium phosphate Crown 
Scientific 
Na3PO4.12H2O AR 
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3.2 Substrate Pre-treatment Procedure 
Three different types of substrates, PbCaSn, Ti and Ni , were used for the composite-
coated electrodes in this study.  
The PbCaSn substrate was pre-treated by degreasing and etching. The pre-treatment 
steps involved i) cleaning the surface with SiC sand paper, 600 and 1200 grits; ii) 
cathodic degreasing at a current density of 500 A m
-2
 for 5 minutes in a solution 
containing 40 g dm
-3
 Na3PO4. 12 H2O at 40 °C; iii) anodic etching at a current 
density of 500 A m
-2
 for 2 hr in 10 wt% boiling oxalic acid; and iv) rinsing with DI 
water.  
The PbCaSn preparation conditions for each step are summarised in Table 3-2. 
Etching and electrodeposition of the composite coatings were conducted under 
constant current density while potential was monitored.  
Table 3-2 Pre-treatment and electrodeposition details of PbCaSn based composite 
electrodes 
Experiment Electrolyte Anode Cathode T, 
°C 
Time,
min. 
C.D., 
A m
-2
 
Current, 
mA 
Degreasing Na3PO4 Pt wire PbCaSn 40 5 500 9.81 
Etching 10% oxalic acid PbCaSn Pt wire 85 120 500 9.81 
Electrodeposition As specified Pt wire PbCaSn 25 120 200 3.93 
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The pre-treatment of Ti substrates consisted of several steps, involving wet polishing 
the substrate with successively finer (600 and 1200 grit) SiC papers, followed by 10 
minutes of cleaning in an ultrasonic bath containing DI water. The Ti was then 
subjected to an etching procedure of boiling in 10% oxalic acid for 2 hr. Next, 
substrates were rinsed with DI water and dried in a stream of air.  
Ni substrates were pre-treated by wet polishing the substrate with successively finer 
(600 and 1200 grit) SiC papers, Next, substrates were rinsed with DI water and dried 
in a stream of air.  
3.3 PbCaSn Based Composite-Coated Anodes 
3.3.1 Pb-Co composite coating 
The electrolyte selected for electrodeposition of the Pb-Co composite coating 
contained 100 g dm
-3 
NH2SO3NH4, 0.3 M Pb (NO3)2 and 0.7 M Co (NO3)2. 
Deposition of the Pb-Co composite layer was carried out cathodically at 251°C over 
a period of 2 hours. Three different electrodes were produced using a different 
current density to produce coatings with different properties on each electrode. The 
pH of the solution was adjusted to 2.8 at the start but no buffer solution was used to 
maintain the solution pH. The PbCaSn electrodes were subjected to a pre-treatment, 
as described above, before the electrodeposition of the composite layer in order to 
obtain an adherent coating.  
Table 3-3 shows the details of the conditions that were used to prepare Pb-Co 
composite coatings. 
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Table 3-3Conditions for the preparation of PbCaSn based Pb-Co composite-coated 
electrodes 
Composite electrode Co, at. % C.D., A m
-2
 Additive, mg dm
-3
 
Pb-Co 3.0 200 No 
Pb-Co 1.0 100 No 
Pb-Co 0.5 100 50 
 
3.3.2 Pb-Co3O4 composite coating 
To produce the Pb-Co3O4 composite coating, a solution containing of 60 g dm
-3
 Co, 
150 g dm
-3
 Pb (NH2SO3)2, 100 g dm
-3 
NH2SO3-NH4, 1 g dm
-3
 O-toluidine, and 0.2 g 
dm
-3
 glue was used as an electrolyte. The pH of the solution was adjusted to 5. Pre-
treatment as described above was applied to the PbCaSn substrate. The substrate was 
coated cathodically. Current density used for the electrodeposition was adjusted to 
200 A m
-2
 and the coating process was conducted at 251°C. 
Table 3-4 shows the details of the conditions that were used to prepare Pb-Co3O4 
composite coatings. 
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Table 3-4 Conditions for the preparation of PbCaSn based Pb-Co3O4 composite-
coated electrodes 
Composite electrode Co, at. % C.D., A m
-2
 Additive, mg dm
-3
 
Pb-Co3O4 27 200 No 
Pb-Co3O4 28 200 No 
 
3.4 Dimensionally Stable Composite-Coated Anodes 
Six different composite coatings were used for the Ti and Ni substrates tested in this 
study: (a) three coatings with PbO2-CoOx as the surface layer; and (b) three coatings 
with PbO2-Co3O4 as the surface layer. The first of the three coatings (A) had just the 
surface layer, the second (B) had a metallic Pb interlayer and the third (C) had SnO2-
Sb2O3 interlayer. The different coatings were produced as follows: 
A. Direct anodic deposition of the lead-cobalt composite coating onto the 
surface of the substrate. 
B. Electrodeposition of a metallic Pb interlayer prior to anodic deposition of the 
composite coating. 
C. Thermal deposition of a SnO2-Sb2O3 interlayer prior to anodic deposition of 
the composite coating. 
The PbO2-CoOx composite coating was anodically electrodeposited from a solution 
containing lead and cobalt ions produced by adding 0.5 M lead sulphamate and 0.5 
M cobalt nitrate salt to deionised water. The pH of the solution was adjusted to 1.6. 
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Electrodeposition was performed potentiostatically at 1.75 V at 25 °C for 2 hours. 
This produced coating type A. To produce coating type B, a metallic Pb interlayer 
was cathodically deposited onto the substrate from an electrolyte with the same 
composition as used for coating type A by potentiostatic polarisation of the substrate 
surface for 1 hr at -0.625 V. The PbO2-CoOx composite coating was then deposited 
by 30 minutes of anodic deposition at 1.6 V. To produce coating type C, a SnO2-
Sb2O3 interlayer was thermally deposited onto the substrate prior to anodic 
deposition of the PbO2-CoOx composite coating. To apply the SnO2-Sb2O3 interlayer, 
a precursor solution was prepared by dissolving 20 g SnCl4. 5H2O, 2 g SbCl3 and 
13.2 mL HCl into 100 mL of isopropanol. The pre-treated substrate was dipped in 
the precursor solution for 5 minutes followed by 15 minutes of drying in an oven at 
110 °C. This procedure was repeated 3 times. Subsequently, the anode was annealed 
in a muffle furnace at 500 °C for 1 hr. Fresh precursor solution was used for each 
treatment. A PbO2-CoOx composite coating was then electrodeposited from a 
solution containing 0.5 M lead sulphamate + 0.5 M cobalt nitrate. The 
electrodeposition was carried out potentiostatically at 1.75 V over a period of 2 
hours.  
The method of anodic electrodeposition of the PbO2-Co3O4 composite coatings used 
in this study involved preparing a bath containing lead ions and suspended Co3O4 
particles. The electrolyte solution was prepared using 0.13 M lead acetate and 0.9 M 
lead nitrate combined with 5% w/v of Co3O4 (powder < 10 µ) supplied by Sigma 
Aldrich. The solid particles were kept suspended by mild agitation. The pH of the 
electrolyte was adjusted to 4.4. The temperature of the bath was maintained at 25 °C 
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and the electrodeposition was carried out potentiostatically at 1.75 V for 2 hr. This 
technique when used directly with either a titanium or a nickel substrate produced 
coating type A. To produce coating type C, the thermal deposition technique for a 
SnO2-Sb2O3 interlayer described earlier was used, followed by the electrodeposition 
technique described above for the PbO2-Co3O4 composite coating. For the PbO2-
Co3O4 composite coating, samples with a Pb interlayer (coating type B) were not 
produced as originally planned because the first group of tests carried out, which 
were with the PbO2-CoOx composite coatings and the Pb interlayer, showed that this 
interlayer did not provide adequate protection for the substrate.  
To carry out each experiment in this study, immediately after the preparation of the 
coating, the composite electrode was rinsed with DI water and dried in air under 
ambient conditions. 
Tables 3-5 and 3-6 summarise the details of PbO2-CoOx and PbO2-Co3O4 composite 
coatings prepared in this study.  
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Table 3-5 Composition of PbO2-CoOx composite coatings prepared in different 
methods 
Method Substrate Co (at. %) Pb (at. %) XCo (Co/Co+Pb) 
A Ti 5.0 18.0 0.21 
A Ni 11.0 28.0 0.28 
B Ti 9.0 24.0 0.27 
C Ti 5.4 15.3 0.26 
C Ni 2.8 8.0 0.26 
 
Table 3-6 Composition of PbO2-Co3O4 composite coating prepared with different 
methods 
Method Substrate Co (at. %) Pb (at. %) XCo (Co/Co+Pb) 
A Ti 6.0 10.0 0.60 
A Ni 17.0 11.0 0.61 
C Ti 3.2 17.0 0.16 
C Ni 20.5 7.2 0.74 
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3.5  Small Disc Electrode Preparation Procedure 
The most comprehensive set of experiments was performed using small disc 
electrodes across the full range of coating-substrate compositions planned for this 
study (with the exception noted above for Ni substrate- Pb interlayer electrodes). 
Additional tests were then performed using small plate electrodes. These small disc 
electrodes were prepared as follows. Electrodeposition was performed using a 
standard three-electrode electrochemical system. The process involved a resin-
sheathed electrode substrate of PbCaSn, nickel or titanium (Figure 3-1-a) and a Pt 
wire. For thermal deposition, the small disc electrodes were in the form of a rod and 
were covered with heat shrink tubes after thermal deposition and prior to 
electrodeposition (Figure 3-1-b). The reference electrode was mercury│mercurous 
sulphate (MSE, E= +0.645 V). All potentials are with respect to the normal hydrogen 
electrode (SHE). In every preparation procedure, a new electrode was used.  
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Figure 3-1 a) Small rod resin-sheathed electrode, b) Small rod electrode prior to 
apply heat shrink used in thermal deposition 
The material for the PbCaSn substrate was supplied by Consolidated Alloys Pty and 
had the composition in percent of PbCa (0.75%) Sn (1.50%) Al (0.005%). Ni rod 
was supplied by Good Fellows with 99.99 % purity and Ti rod grade 2 was acquired 
from Titanium International. All electrodes had a 5 mm diameter. The 
electrodeposition cell was a glass beaker with a plastic lid that holds an anode, a 
cathode and a reference electrode. To keep the temperature constant during 
preparation, a water bath was used. The data was recorded on a computer using 
LabVIEW
®
 7.1 software. Potentiostat EG&G Princeton Applied Research, model 
173, was used in all preparation procedures. 
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Figure 3-2 Schematic of electrochemical cell set up 
The preparation was a multi-step treatment using different solutions as described in 
Sections 3.3 and 3.4. During coating, the electrodes were positioned in a vertical 
plane in order to minimise adhesion of O2 bubbles to the surface. Figure 3-2 shows 
the schematic of the system used in small disc electrode preparation. 
In each case, immediately after the electrodeposition, the composite-coated electrode 
was removed from the cell, rinsed with deionised water and dried with an air stream. 
Subsequently, each electrode was tested for 
i) Oxygen evolution overpotential in acid media 
ii) Stability of the composite layer over time 
iii) Service life and  
iv) Corrosion rate 
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Results for each composite-coated electrode were compared with the results for the 
standard PbCaSn electrode obtained in this study under the similar conditions. 
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3.6  Small Disc Electrode Assessment 
All composite-coated electrodes produced for this study were assessed in terms of 
different properties such as surface morphology, overpotential, anode oxygen 
evolution potential, corrosion rate, cyclic voltammetry measurements, Tafel slope 
and long term mechanical stability. Explanations of the methods and techniques used 
to determine these properties are in the following sections.  
3.6.1 Surface morphology and structure 
The surface of the composite-coated anodes was observed using a scanning electron 
microscope (SEM) model Philip XL20, which was equipped with an energy 
dispersive X-ray spectroscopy (EDS) Oxford Link ISIS model 5175. This method 
was also used to determine the surface composition of the different composite coated 
anodes.  
3.6.2 X-ray Diffraction 
Analysis of the surface of the composite-coated electrodes was carried out using a 
EMMA (GBC Scientific Equipment Pty Ltd, Enhanced Multi-Materials Analyser) X-
ray diffraction device. The compounds on the surface of the composite-coated 
electrodes were determined. Each sample was examined immediately after the 
surface layer was prepared.  
3.6.3 Galvanostatic oxidation 
Short term (16 hr) and long term (168 hr) anodisation tests were conducted to 
evaluate the anode oxygen evolution potential of each composite-coated anode under 
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typical copper electrowinning conditions. The composite-coated anodes were tested 
in an electrolyte containing 180 g dm
-3
 H2SO4 prepared using AR grade sulphuric 
acid in DI water, by conducting galvanostatic polarisation at a current density of 300 
A m
-2
. The temperature of the electrolyte was maintained at 40±2 °C by circulating 
water from a thermostated water bath, and the electrolyte was agitated by a magnetic 
stirrer. During the anodisation, electrolyte solution samples were taken periodically 
to determine the amount of cobalt released to the electrolyte. The samples were 
analysed using an Atomic Absorption Spectrophotometer (AAS) model GBC 933 
PLUS. This was one indication of service life, as the amount of Co in the anode is 
critical to the effectiveness of the anode for copper electrowinning. 
The conditions for the experiments using the composite-coated small disc electrodes 
are summarised in Table 3-7. 
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Table 3-7 Summary of the conditions in small disc electrode tests 
Composite electrode Substrate C.D., 
 A m
-2
 
Additive, 
 mg dm
-3
 
Pb-Co  PbCaSn 200 No 
Pb-Co  PbCaSn 100 No 
Pb-Co  PbCaSn 100 50 
Pb-Co3O4  PbCaSn 200 No 
Pb-Co3O4  PbCaSn 200 10 
Ti-PbO2-CoOx Ti 100 No 
Ti-Pb-PbO2-CoOx Ti 100 No 
Ti-SnO2-Sb2O3-PbO2-CoOx Ti 100 No 
Ti-SnO2-Sb2O3-PbO2-CoOx Ti 100 10 
Ti-PbO2-Co3O4 Ti 100 No 
Ti-Pb-PbO2- Co3O4 Ti 100 No 
Ti-SnO2-Sb2O3-PbO2- Co3O4 Ti 100 No 
Ti-SnO2-Sb2O3-PbO2- Co3O4 Ti 100 10 
Ni-PbO2-CoOx Ni 100 No 
Ni-SnO2-Sb2O3-PbO2-CoOX Ni 100 No 
Ni-SnO2-Sb2O3-PbO2-CoOX Ni 100 10 
Ni-PbO2-Co3O4 Ni 100 No 
Ni-SnO2-Sb2O3-PbO2-Co3O4 Ni 100 No 
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3.6.4 Corrosion rate 
Immediately after the 16 hr anodisation tests, the potential of each electrode was 
scanned from the operating potential at 300 A m
-2
 to -1V. The electrode corrosion 
rate m was calculated using the total charge involved in the reduction of PbO2 to 
PbSO4 and the total polarisation time during the anodisation test. The calculations are 
based on two assumptions. First, it was assumed that the oxidation of Pb to PbO2 was 
the only anodic reaction besides the oxygen evolution reaction during anodic 
polarisation. Second, it was assumed that in the reverse scan all of the produced 
PbO2 was converted to PbSO4.  
The number of electrons transferred during the reverse cathodic scan was calculated 
using equations (3-1) to (3-4):  
q= i×t        (3-1) 
Where q is charge, I is current and t is time. Q was calculated from the integration of 
the reduction peak of PbO2 to PbSO4 in a cyclic voltammetry plot.  
And, 
n=q/F        (3-2) 
Where n is the number of moles, q is charge and F is faraday number. 
Each molecule of PbO2 requires two electrons to be converted to PbSO4 according to 
the reduction equation below: 
PbSO4 + 2 H2O= PbO2 + SO4
2-
 +4H
+
 + 2e
-  
           (3-3) 
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Therefore, the number of moles and mass of PbO2 converted to PbSO4 was 
calculated as follow: 
m (g kA
-1
. h
-1
)= n× M     (3-4) 
Thus, the corrosion of a lead anode is related to the total mass of PbO2 formed during 
anodisation. 
3.6.5 Cyclic voltammetry measurements of chemical reactions 
Cyclic voltammetry was used to determine the overpotential for the oxygen evolution 
reaction on the composite electrodes. The potential of the working electrode was 
cycled from the open circuit potential observed on a freshly prepared electrode to a 
vortex at 2 V, then reversed to -1 V, at a scan rate of 2 mV sec
-1
. The overpotential 
for the oxygen evolution reaction is taken to be the difference between the potential 
at which the oxygen evolution reaction becomes apparent and the calculated standard 
reduction potential for this reaction, which under the conditions involving 180 g dm
-3
 
H2SO4 and 40 °C is 1.236 V.   
3.6.6 Tafel plot measurements of catalytic activity 
Tafel slopes of the anodic reaction were measured to examine the electrochemical 
reaction rate characteristics of the different anodes. The data for the Tafel plots were 
generated from the same set of results recorded during the cyclic voltammetry 
measurements, with the anodic Tafel slope for each anode estimated from the linear 
section of the log (current density) versus potential graph, where the oxygen 
                                      Chapter 3. Materials and Methods  
 
72 
 
evolution reaction was observed to be activation controlled. The position of this 
reaction on the graph varied from one anode to another.  
3.6.7 Influence of the organic additives 
In these studies 10 mg dm
-3
 thiourea was added to the electrolyte to evaluate the 
performance and stability of the Pb-Co3O4, Ti-SnO2-Sb2O3-PbO2-CoOx and Ti-SnO2-
Sb2O3-PbO2-Co3O4 composite-coated anodes in terms of anode potential and 
corrosion behaviour. 10 mg dm
-3
 thiourea was added to 180 g dm
-3
 H2SO4 prior to 
use of the electrolyte. Then the analysis of the electrodes proceeded as for the studies 
where the electrolyte did not contain thiourea. 
3.7 Small Plate Electrode Studies 
Small plate electrode studies were carried out using plate electrodes as shown in 
Figure 3-4. The working electrode was based on a sheet of PbCaSn or Ti as the 
substrate, with the composite-coated electrodes prepared as described in Section (Ni 
was not used in these studies) with the size 60 mm x 60 mm. The counter electrodes 
were made of Pb. Before each experiment, all electrodes were wet-polished using 
600 and 1200 grits silicon carbide papers. The cell in which the experiments were 
performed contained two Pb cathodes and a central composite-coated anode. Figure 
3-5 shows the details of the cell used in these experiments. 
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Figure 3-4 Schematic of small plate electrodes  
 
 
Figure 3-5 Electrochemical cell used in small plate electrode studies 
 
 
Label Size, mm 
A 118  
B 20  
C 58  
D 60  
E 60 
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3.8 Small Plate Electrode Assessment 
3.8.1 Measurements of anode potentials 
Anode potentials were measured using an MSE reference electrode. All potentials 
are with respect to the normal hydrogen electrode (SHE). The reference electrode 
was placed at the centre of the anode on the side facing the cathode. The anode 
potential was monitored and recorded in LabVIEW
®
 7.1 software during each 168 hr 
anodisation test. 
3.8.2 Determination of corrosion rates 
The corrosion studies were carried out using PbCaSn- and Ti-substrate plate 
electrodes as shown in Figure 3-4. Anode corrosion rates were calculated from the 
lead balance method. In this method the total amount of lead which migrates from 
the surface of the composite-coated electrodes into the solution, and is collected as 
cell mud or is deposited on the surface of cathodes, determines the corrosion rate of 
each composite-coated electrode. Anodic corrosion of each composite-coated 
electrode anodized for 168 hr in 180 g dm
-3
 H2SO4 was calculated using equation (3-
5) (Yanqing et al., 2010): 
Corrosion rate (g m
-2 
h
-1
) = 
       
   
  (3-5)  
Where m is lead concentration in cell mud and w is total anode slime mass, C is 
concentration of lead in the electrolyte, V is electrolyte volume, S is apparent 
working surface area and t is the elapsed electrolysis time. 
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The information pertinent to the tested anodes is given in Table 3-8. 
Table 3-8 Surface area and current on the small plate electrodes prepared for the 
corrosion tests 
Anode Thickness, 
mm 
Dimensions, 
mm
2
 
Submerged area, 
mm
2
 
Current, 
A 
PbCaSn 2 60×39 4950 2.29 
Pb-Co 2 60×63 7930 2.09 
Pb-Co3O4 2 60×45 5700 1.70 
Ti-SnO2-Sb2O3-PbO2-CoOx 1 60×45 5550 1.67 
Ti-SnO2-Sb2O3-PbO2-Co3O4  1 60×45 5550 1.67 
 
3.9 Large Plate Electrode Studies 
Bench scale studies are generally carried out at the start of an investigation into a 
new process, to determine as quickly as possible what parameters of the process 
show the greatest potential. The most promising conditions are then tested at pilot 
scale. In this study, investigations were extended from bench scale to the larger size 
pilot scale experiments to observe the scale impact on the results of our experiments 
on the most promising composite-coated anodes in terms of anodic potential and 
service life. 
Therefore, the most promising composite-coated anode in this study, Ti-SnO2-Sb2O3-
PbO2-Co3O4 was prepared using a Ti mesh substrate (200 mm × 90 mm × 1 mm) 
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and an anodisation test was performed for 60 days in a larger scale. The results were 
compared with the results for a PbCaSn electrode which was also tested at larger 
scale.  
The electrowinning studies were carried out in a 5 L glass cell, using two stainless 
steel cathodes and one Ti-SnO2-Sb2O3-PbO2-Co3O4 anode as shown in Figure 3-6. 
The potential of the anode was monitored during anodisation at a current density of 
330 A m
-2
 at 40 
o
C in 180 g dm
-3 
H2SO4. 
 
Figure 3-6 Electrowinning cell for the large size electrode test 
3.9.1 Cathode and Anode Preparation 
The cathodes were made of Stainless steel, with the dimensions of 200 mm × 90 mm 
× 6 mm. The Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode was prepared in 
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the same way described in section 3-4 (method C) using a Ti pure mesh substrate 
supplied by Baoji Ruicheng Titanium Industry Co., Ltd., China. The pure Ti mesh 
anodes were welded to a hanger bar of the same material to allow the anode to be 
suspended in the electrolyte cell. Figure 3-7 shows the Ti mesh anode.  
 
  Figure 3-7 Photo of pure Ti mesh electrode (200×90×1 mm) used in large scale 
experiments 
The active surface area of the mesh electrode was calculated using an image-
processing program, “ImageJ”. ImageJ is a free Java-based image processing 
program developed at the USA national Institutes of Health.  
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3.9.2 Measurements of anode potentials 
Anode potentials were measured using an MSE reference electrode with a saturated 
potassium sulphate filling solution. All potentials are with respect to the normal 
hydrogen electrode (SHE). A salt bridge containing saturated potassium sulphate was 
used to prevent contamination from the sulphuric acid electrolyte. To measure the 
anode potential, the reference electrode was placed at the centre of the anode on the 
side facing the cathode. 
3.9.3 Service life of Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode 
An anodisation test was performed in 180 g dm
-3
 H2SO4 at current density of 330 A 
m
-2
. The service life of the electrode is defined as the time during polarisation at 
which the potential rapidly increases to 5 V. A rise in the potential of the electrode 
indicates failure of the electrode, even though no mechanical damage of the coating 
is observed. 
In this study, the Ti-SnO2-Sb2O3-PbO2-Co3O4 mesh electrode underwent anodisation 
for 60 days. During the test, the potential of anode was continuously measured and 
recorded.  
Once the anodisation test was stopped, the composite-coated anode was subjected to 
cross section analysis. To protect the surface layer for cutting purposes, part of the 
electrode was embedded in resin. The electrode was then cut into sizes suitable for 
SEM. Figure 3-8 shows the process of preparation of the sample for SEM. 
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Figure 3-8 Ti-SnO2-Sb2O3-PbO2-Co3O4 electrode dipped in resin  
Figure 3-9 shows the samples which were cut from the electrode for SEM analysis. 
 
Figure 3-9 SEM samples for cross section analysis 
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4 RESULTS AND DISCUSSION 
4.1 PbCaSn Based Small Disc Composite-Coated Anodes 
The cathodic electrodeposition of lead which was performed in nitrate and 
sulphamate solutions to form Pb-Co and Pb-Co3O4 composite coatings can be 
described by reactions (4-1), (4-2) (for Pb-Co coating) and (4-3) (for Pb-Co3O4 
coating). Upon subsequent application as anodes, the surface layer of the coating is 
converted to metal oxide but for simplicity these two electrodes will be consistently 
referred to as Pb-Co and Pb-Co3O4. 
Pb
2+
 + 2e
-
 = Pb            (4-1) 
Co
2+
 + 2e
-
 = Co       (4-2) 
Pb
2+
 + Co3O4 + 2e
-
 = Pb-Co3O4     (4-3) 
4.1.1 Surface morphology and structure 
Figure 4-1 shows the SEM images of fresh composite coatings on the small disc 
anodes. Also, surface images of the electrodes after 168 hr anodisation in sulphuric 
acid are shown. 
For comparison, the surface of the conventional PbCaSn electrode before and after 
anodisation is also shown.  
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Figure 4-1 SEM images of fresh electrodes: a) Pb-Co(3%), b) Pb-Co3O4, c) PbCaSn; 
and following 168 hr of polarisation: d) Pb-Co(3%), e) Pb-Co3O4, f) PbCaSn 
The images “a” and “b” show that the freshly deposited composite coatings have a 
relatively rough surface compared to the conventional PbCaSn anode “c” abraded 
with 600 and 1200 grit sand papers. Also, the surface of the Pb-Co3O4 coated anode 
is slightly more compact and fine-grained than the Pb-Co (3%). This seems to be 
consistent with earlier reports by other researchers (Musiani and Guerriero, 1998, 
Cattarin et al., 2001, Hrussanova et al., 2001) which observed that incorporation of 
cobalt species into the surface layer of lead based anodes increases the roughness of 
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the anode. Naked eye observation showed that the Pb-Co3O4 composite coating 
displays a spongy structure whereas the Pb-Co surface appears dendritic. The cobalt 
content in the coating was higher when using suspended Co3O4 particles in the 
electrolyte ranging from 0.5 to 3 atomic percent (at. %) in the Pb-Co coating to 27-28 
at. % in the Pb-Co3O4 composite coatings. 
Figure 4-1 also shows that the surface of the PbCaSn electrode (image “f”) 
undergoes significant roughening during the period of electrolysis and becomes 
relatively similar to the surface of the used composite-coated anodes Pb-Co (image 
“d”) and Pb-Co3O4 (image “e”). Hence, the initial variation in actual surface area 
between the conventional (uncoated) anode and the composite-coated anodes is no 
longer evident. 
This suggests that roughness is probably a factor that would contribute to reduction 
of the anode potential on the composite-coated anodes at the start of the anodisation, 
but this is not expected to play a significant role in the later stages of the polarisation 
tests. Therefore, in accordance with the description by Guerrini and Trasatti (2006) 
of the factors that influence electrocatalysis, the other factors that can explain the 
apparent lower potential would likely be related to the catalytic activity of the 
composite-coated anodes and the effect of the cobalt. To evaluate this possibility, the 
catalytic activity of the composite-coated anodes was tested using Tafel slope 
measurements.  
The Pb-Co composite-coated electrode prepared at 200 A m
-2
 without a levelling 
agent showed highly dendritic structure. To minimise this, two different approaches 
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were taken. Firstly, current density was reduced to 100 A m
-2
. The modified 
composite-coated electrode still showed dendritic structure; hence, 50 mg dm
-3
 
thiourea was added to the solution to act as a levelling agent. 
Naked eyes observation showed almost no dendrites when the Pb-Co composite 
coating was prepared in the presence of thiourea. Figure 4-2 shows the SEM images 
of these modified composite coatings. 
 
Figure 4-2 SEM images of a) fresh Pb-Co (1%) electrode prepared at 100 A m
-2
 in 
nitrate solution, b) fresh Pb-Co (0.5%) electrode prepared at 100 A m
-2
 in nitrate 
solution containing 50 mg dm
-3
 thiourea 
EDS results show approximately 1% cobalt was incorporated in the surface of the 
electrode prepared in the absence of thiourea with a current density of 100 A m
-2
, 
while with addition of thiourea composite electrodes with only 0.5% cobalt was 
obtained.  
Figure 4-3 shows the XRD spectra of Pb-Co (0.5%) and Pb-Co3O4 coatings as 
prepared. Peaks related to Pb and Co are present in image “a”. The Co film grows on 
{111}, {102} and {110} planes. The highest intensity peak was related to the {102} 
plane.  
a b 
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Image “b” shows that the Co3O4 film grows with different plane orientations, 
However, some of them have low intensity peaks. It is believed that different atomic 
planes have different electronic structures (Xu et al., 2009) and affects physical and 
chemical properties. It is reported that {110} has the highest catalytic activity at low 
temperature (Xie at al., 2009). Therefore it is a reasonable assumption that different 
planes of Co3O4 can have different oxygen evolution potentials. According to Koza 
et al., (2012) different oxygen evolution potentials in processes involving Co3O4 can 
be related to different planes on which Co3O4 has been grown. 
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Figure 4-3 XRD spectra of a) Pb-Co, b) Pb-Co3O4 coatings as prepared  
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4.1.2 Tafel plot measurements of catalytic activity 
Tafel plot measurements were conducted to evaluate the likelihood of a catalytic 
effect due to Co playing a role in the evolution of the oxygen at lower overpotential. 
A lower Tafel slope can confirm whether the depolarisation of the composite 
electrode is due to enhancement of the catalytic activity or geometric extension of the 
surface. The experiment was completed in duplicate. The results illustrated in Figure 
4-4 shows one set of data obtained for each composite coated electrode along with 
PbCaSn electrode. The measurements were recorded in the relevant potential range 
for the oxygen evolution reaction, which varied from one anode to another.  
 
Figure 4-4 Tafel plot of composite electrodes compared with PbCaSn electrode 
Tafel slopes related to Pb-Co and Pb-Co3O4 composite electrodes were 92 and 90 
mV dec
-1
 respectively, which is significantly less than the 122 mV dec
-1
 that was 
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recorded for the PbCaSn electrode under the same conditions. Values for the Tafel 
slope for oxygen evolution on the Pb-Co3O4 composite-coated electrode prepared in 
a sulphamate solution at 100 A m
-2
 reported by Musiani and Guerriero (1998) ranged 
between 80-85 mV dec
-1
. The decreased Tafel slopes observed for the composite-
coated electrodes confirm that the depolarisation of these electrodes is due to 
increased catalytic activity for oxygen evolution. These results also show that the 
overpotential for oxygen evolution is lower on the composite-coated electrodes. 
Table 4-1 summarises the observed oxygen overpotential values and Tafel slopes. 
Table 4-1 Kinetics parameters of composite electrodes 
Anode 
Co 
at. % 
η,mV  
after 16 h 
η, mV  
after 168 h 
Tafel slope, 
mV dec
-1
 
Pb-Co  3 509 686 92 
Pb-Co  1 714 717 -- 
Pb-Co  0.5 666 635 -- 
Pb-Co3O4  27 734 644 90 
PbCaSn 0 834 804 122 
 
4.1.3 Cyclic voltammetry measurements of chemical reactions 
Figure 4-5 shows the voltammogram on the surface of the conventional PbCaSn 
electrode. Cyclic voltammograms of the composite-coated electrodes were also 
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measured. Figure 4-6 shows voltammograms of composite-coated electrodes 
compared with PbCaSn.  
The cyclic voltammograms show the polarisation response of the freshly prepared 
Pb-Co (3%) and Pb-Co3O4 composite-coated electrodes and conventional PbCaSn, in 
180 g dm
-3 
H2SO4. It is apparent from Figure 4-5 that with the increase in potential 
from the open circuit potential (OCP), the PbCaSn surface converts initially to lead 
sulphate (peak A) followed by oxidation to lead dioxide. Following the formation of 
the conductive lead dioxide, oxygen gas was observed to evolve at the same time 
which is indicated by the rapid increase in the current density (peak B). Upon 
reversing the potential, the reduction of PbO2 to PbSO4 (peak C) takes place at 
approximately 1.55 V, followed by reduction of PbSO4 to Pb (peak D) at more 
negative potentials. 
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Figure 4-5 Cyclic voltammogram of PbCaSn electrode, Scan rate: 2 mV Sec
-1
 
In the case of the composite-coated electrodes (Figure 4-6), peak A is absent. This 
might be related to passivation of the surface by lead sulphate formed in a chemical 
process coupling lead oxidation and cobalt catalysed hydrogen reduction, hence, the 
electrochemical formation of lead sulphate is no longer apparent (Musiani et al., 
1999). After this, the coated anodes remain passive until oxygen evolution starts 
(peak B). Peak B, shown more clearly in Figure 4-7, can be used to compare the 
potential at which oxygen evolution begins on the different anodes.  It is evident that 
oxygen is evolved at less positive potentials on both of the composite-coated 
electrodes than on the conventional electrode. These results are in agreement with 
previous observations reported by Musiani and Guerriero (1998) which show higher 
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overpotential for the evolution of oxygen on pure PbO2 compared with the cobalt 
doped composite electrodes.   
 
Figure 4-6 Cyclic voltammogram of composite electrodes compared with PbCaSn 
electrode, Scan rate: 2 mV Sec
-1
 
In the reverse sweep, the reduction peak is observed at around 1.55 V. In comparing 
the reduction charge, which represents the reduction of lead dioxide formed in the 
forward sweep, it is apparent that the current associated with this process was 
significantly greater for the Pb-Co composite-coated anode.  
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Figure 4-7 Oxygen evolution potential of composite electrodes compared with 
PbCaSn electrode, Scan rate: 2 mV Sec
-1
 
As mentioned above, the cyclic voltammetry technique allows the approximate 
amount of lead dioxide formed on the surface of the anode to be quantified from the 
reduction charge. Peak C is shown more clearly in Figure 4-8. The height of peak C 
observed with the PbCaSn anode is almost twice as high as for the Pb-Co3O4 coated 
anode but much lower than for the Pb-Co coated anode. This suggests that the 
formation of PbO2 has decreased in the presence of Co3O4 particles compared to the 
conventional PbCaSn anode but it has increased for the Pb-Co composite-coated 
anode which had a much greater amount of lead dioxide formed during the anodic 
scan. Considering that all of the anodes were polarised to the same final potential of 
2 V the Pb-Co composite-coated anode had reached much higher current density 
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compared with the PbCaSn and Pb-Co3O4 anode. Therefore, the greater corrosion of 
the Pb-Co composite-coated anode can be related to the fact that in the anodic sweep 
this anode passed a higher current which would have contributed to the increased 
oxidation of the surface. This would not be expected to occur however, under a 
controlled current density operation. 
 
Figure 4-8 Cathodic scan of composite electrodes after anodisation in acid for 16h 
compared with PbCaSn electrode, Scan rate: 2 mV Sec
-1
 
4.1.4 Galvanostatic oxidation of composite electrodes 
As described in Section 3-6-5, to evaluate the performance of composite-coated 
electrodes, anodes polarized in a short term experiment (16 hr) and long term tests 
(168 h). During 16 hr anodisation of composite-coated electrodes at 300 A m
-2
, the 
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potential of the composite-coated electrodes was monitored and recorded. The results 
were compared with the ones for a PbCaSn electrode.  
Figure 4-9 shows the operating potential of the Pb-Co (3%) composite-coated 
electrode used as anode under typical copper electrowinning conditions involving 
180 g dm
-3 
H2SO4 at 40 °C and current density of 300 A m
-2
 on the anode, over a 
period of 16 hr. The results are compared with the anode potential measured on a 
conventional PbCaSn electrode in the presence and in the absence of cobalt ions in 
the electrolyte. The results show significantly lower (~300 mV) anode potential on 
the Pb-Co (3%) composite-coated anode.  
This could in part be attributed to the large “real” surface area due to the rough 
surface. The geometric surface area of the Pb-Co (3%) composite-coated electrode 
was 19.63 mm
2
; however, the real surface area was significantly higher due to the 
dendritic structure. The results from the longer (168 hr) test showed that the Pb-Co 
(3%) composite electrode loses some of its roughness during operation and cobalt 
ions enter the electrolyte. It is probable that some of the dendrites break off and 
decompose in the absence of the anodic protection. During longer-lasting tests, the 
amount of cobalt gradually builds up in the electrolyte which confirms that the 
surface coating is slowly decomposing. A similar phenomenon has been observed by 
Rashkov and his co-workers (1999). These authors prepared Pb-Co (0.5-6%) 
composite electrodes by using a pulse plating technique and measured the amount of 
cobalt entering the electrolyte over time during the anodic polarisation. The 
increasing amount of cobalt in the electrolyte was related to the formation of an 
oxide layer during anodisation, whereby the conversion of the intermediate lead 
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sulphate product to lead dioxide causes parts of the surface layer to separate from the 
electrode and enter the solution.  
The concentration of cobalt in the electrolyte was observed to increase rapidly at first 
and continued to do so gradually during the first 100 hours of polarisation of the Pb-
Co (3%) composite-coated electrode, but it reached a point thereafter where the 
change in concentration with time was relatively small (see Figure 4-12). The results 
showed that the maximum concentration of cobalt in the electrolyte was reached at 
168 hours of polarisation and measured approximately 2 mg dm
-3
. To evaluate the 
effect of the released cobalt on the behaviour of the conventional PbCaSn electrode, 
the test on that anode was repeated in an electrolyte containing 2 mg dm
-3
 of cobalt 
and the result is shown in Figure 4-9. It is apparent that even with the 2 mg dm
-3
 
cobalt present in the electrolyte, the conventional anode operates at a significantly 
higher potential (~200 mV) than the Pb-Co (3%) anode. This supports the idea that 
even though cobalt when present in the solution has a catalytic effect on the oxygen 
evolution reaction, placing cobalt directly into the surface coating of the electrode 
has a much greater effect.  
In addition, the presence of cobalt changes the lead oxide surface giving it a rougher 
structure, which obviously results in larger real surface area and therefore lower 
actual current density. 
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Figure 4-9 Potential-time transient during oxidation of electrodes, Current density: 
300 A m
-2
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In an effort to investigate this aspect further, a Pb-Co (1%) composite-coated 
electrode was prepared using a lower current density of 100 A m
-2
 which reduced the 
extent of dendrite formation. This electrode when tested under the same conditions as 
the other electrodes showed approximately 150 mV reduction of anodic potential 
versus the conventional PbCaSn; however, the surface structure still appeared 
somewhat dendritic. Another attempt to produce a Pb-Co coating with a smooth 
surface involved the addition to the electrodeposition bath of thiourea at a 
concentration of 50 mg dm
-3
. According to the theory of diffusion-controlled 
processes for electrodeposition (Kanani, 2004), the thiourea which is often used as a 
levelling aid in industry could be expected to adsorb preferentially onto the raised 
areas of the electrode surface, thereby locally increasing the resistance to current 
flow and hindering the cathodic deposition process, which can be expected to reduce 
the extent of dendrite formation on the surface and edges of the electrode. The 
composite coating produced in the deposition bath containing thiourea confirmed this 
expectation. Although only 0.5% of cobalt was present in the composite coating of 
this electrode, the electrode operated at a potential of 1.95 V which is approximately 
100 mV lower than that for the conventional PbCaSn electrode. Figure 4-9 compares 
the anodic potential of all of the Pb-Co composite-coated electrodes and the 
conventional PbCaSn electrode. It is apparent from this figure that the depolarisation 
of the composite-coated anodes is strongly related to the concentration of cobalt in 
the surface coating.   
Similarly, the Pb-Co3O4 composite-coated electrode operates with lower anodic 
potential. As can be seen from Figure 4-10, although this electrode starts with a 
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potential of 1.80 V, a gradual increase in the potential is observed over the first 2 hr. 
As the composite coating had a spongy and soft structure, some parts of the layer 
were lost during the anodisation. 
 
Figure 4-10 Potential-time transient during oxidation of Pb-Co3O4 composite 
electrodes compared with PbCaSn, Current density: 300 A m
-2
  
4.1.5 Service life  
The service lives of the composite-coated electrodes as well as the PbCaSn electrode 
were determined from the potential recorded during 168 h of anodisation in 180 g 
dm
-3 
H2SO4 at 300 A m
-2
. During anodisation of the electrodes, samples were taken 
to analyse the cobalt concentration in electrolyte. Using those data, the dissolution 
rate of the coated electrodes was calculated.  
Over long term anodisation (168 hr), the Pb-Co (3%) composite-coated electrode 
released some of its dendrites to the electrolyte, which seems to be related to the 
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brittle nature of the dendrites which were not able to cope with the agitation speed 
and conditions. Hence, a jump in the anodic potential can be seen from Figure 4-11. 
In releasing the dendrites to the electrolyte, the Pb-Co (3%) composite-coated 
electrode loses its active centers. Pb-Co composite electrodes with lower cobalt 
percentage and fewer dendrites showed a more stable potential over time although 
the anodic potential is higher during the first 100 hr. That difference then decreases 
and the potential becomes approximately the same as the potential recorded for the 
Pb-Co (1%) composite electrode. 
 
Figure 4-11 Potential-time transient during anodisation of electrodes, Current density: 
300 A m
-2
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The Pb-Co3O4 composite-coated electrode showed the lowest anodic potential over 
168 hr anodisation. There is an increase of potential observed for Pb-Co3O4 after the 
first 40 hr which can be tied to the delamination of the coating over time.  
Overall, all the composite-coated electrodes showed significant decreases in anodic 
potential over 168 h anodisation in base metal electrowinning conditions. 
4.1.6 Dissolution rate  
The release of cobalt from the Pb-Co and Pb-Co3O4 composite coatings into the 
electrolyte was also monitored during the 168 hr tests. The results from Figure 4-12, 
show that the concentration of cobalt released to the solution from the Pb-Co 
composite-coated electrode reaches a plateau at 60-70 hr and remains relatively 
constant for the rest of the tests. However, this is approximately half the amount of 
cobalt released as for the Pb-Co3O4 composite electrode.  
From the graph it is noticeable that there are two distinct dissolution rates, an initial 
rate and then a slower rate once coating near the surface is consumed. A further 
investigation could be worthwhile.  
 
                      Chapter 4. Results and Discussions  
 
100 
 
 
Figure 4-12 Dissolution rates of cobalt for Pb-Co and Pb-Co3O4 composite coated 
anodes 
The dissolution rates of the composite coatings were measured as 0.014 µg Cm
-3
 h
-1
 
for Pb-Co and 0.031 µg Cm
-3
 h
-1
 for Pb-Co3O4.   
4.1.7 Corrosion rate and influence of the organic additives 
Organic additives are often used in copper and zinc electrowinning solutions for 
different reasons, including to lessen the extent of cathode re-dissolution and to form 
smooth cathodic deposits. Organics are also used for control of the cathodic product 
morphology. In addition, there is carryover of organics from the solvent extraction 
plant. Ivanov (2004) and Ivanov and Stefanov (2002) tested the effect of 
hydroxyethylated- butyne- 2- diol- 1,4 and a mixture of ethoxy acetic alcohol and 
triethyl- benzyl- ammonium chloride organic additives on the quality of a zinc 
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deposit. It was reported that up to 2% increase in current efficiency could be 
achieved in the presence of organic additives in comparison with the current 
efficiency obtained in the absence of inhibitors. Thiourea has also been used in 
copper electrowinning as a levelling agent to inhibit crystallisation and dendrite 
growth on the surface of the cathode (Muresan et al., 2000), and in the current work 
as a levelling agent for the preparation of the electrodeposited composite coatings. In 
addition, the effect of thiourea (TU) was also tested as an additive in the stage where 
the Pb-Co3O4 composite-coated anode was used under typical copper electrowinning 
conditions to see if it could improve the performance of this anode.  
 
Figure 4-13 Cathodic peaks for the reduction of PbO2 in the presence and absence of 
cobalt and thiourea, Scan rate: 2 mV Sec
-1
 
Figure 4-13 corresponds to the section of the cyclic voltammograms where the 
current associated with reduction of the corrosion product formed during 16 hr 
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anodic polarisation is observed. The data was generated using potentiodynamic 
polarisation of each electrode scanned from the operating potential reached after a 
period of 16 hr at 300 A m
-2
 to -1 V, at a scan rate of 2 mV sec
-1
. For comparison, 
results generated in the same way using the conventional PbCaSn anode in the 
absence and presence of varied concentration of cobalt ions in the solution are also 
shown. The reduction peak is related to the extent of the reduction of lead dioxide to 
lead sulphate that has taken place during the given period of polarisation, and 
therefore, the charge consumed to reduce the corrosion product (lead dioxide) 
formed during the polarisation period can be calculated and used to estimate the 
corrosion rate for each electrode.  
Evidently, a decrease in the formation of PbO2 can be observed for all lead-cobalt 
composite coatings and for the PbCaSn electrodes anodised in electrolytes containing 
cobalt ions. Addition of cobalt ions in concentrations as small as 2 mg dm
-3
 reduced 
the rate of corrosion significantly. Adding more cobalt (150 mg dm
-3
) further 
decreased the corrosion rate. The data for the composite-coated anodes, Pb-Co 
(0.5%) and Pb-Co3O4 show that the extent of lead dioxide formation on the surface 
of the PbCaSn electrode when cobalt is not added to the electrolyte is greater than on 
the composite anodes, however, the addition of even 2 mg dm
-3
 Co ions compensates 
for this difference. Further addition of cobalt ions to the electrolyte gave the PbCaSn 
electrode better stability than that displayed by the composite electrodes.  
The size of the peak related to the conversion of PbO2 to PbSO4 on the Pb-Co3O4 
composite-coated electrode was smaller than on the Pb-Co electrode, suggesting 
greater stability, whilst further improvement in the stability of the Pb-Co3O4 coated 
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anode could be observed in the presence of 10 mg dm
-3
 thiourea. Another interesting 
feature in Figure 4-13 is a shift of approximately 0.5 V in the reduction peak for the 
composite-coated anodes, which might be related to a greater reactivity of the lead 
dioxide formed on these electrodes.  
 
Figure 4-14 Potential-time curves on Pb-Co3O4 coated anode in the presence and 
absence of thiourea, Current density: 300 A m
-2
 
Figure 4-14 also shows the effect of 10 mg dm
-3
 thiourea on the performance of the 
Pb-Co3O4 composite-coated anode. It became apparent that the composite-coated 
anode operated at a potential lower than observed in the absence of this additive. The 
thiourea addition also appears to have delayed the decomposition of the composite 
coating by several hours. The overpotential for the oxygen evolution reaction was 
704 mV after 16 hr of operation in an electrolyte containing 10 mg dm
-3
 thiourea, 
which is roughly 30 mV less than in the absence of thiourea; although, after 168 hr, 
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the difference was no longer apparent and the overpotential became 644 mV in both 
electrolytes. 
The estimated corrosion rates of the electrodes are summarised in Figure 4-15. The 
corrosion rate of the conventional PbCaSn electrode, after a 16 hr period of 
polarisation in 180 g dm
-3 
H2SO4 in the absence of cobalt, was 7 g kA
-1
 h
-1
, reducing 
to 4.3 and 0.5 g kA
-1
 h
-1
 in solutions containing 2 and 150 mg dm
-3
 of cobalt 
respectively. The corrosion rates of Pb-Co and Pb-Co3O4 composite-coated 
electrodes in 180 g dm
-3 
H2SO4 were 4.7 and 3.5 g kA
-1
 h
-1
 respectively. The addition 
of 10 mg dm
-3
 thiourea to the electrolyte further decreased the corrosion rate of the 
Pb-Co3O4 coated anode to 2 g kA
-1
h
-1
. 
These data confirm the earlier indications that the addition of thiourea slows the rate 
of corrosion of the Pb-Co3O4 coated anodes. The effect of thiourea on the Pb-Co 
coated anodes was not tested but it is possible that it will have a similar effect. 
However, the concentration of thiourea was not optimised in these tests and the 
effect of variation in the thiourea concentration needs to be established. This is 
especially relevant considering some observations which suggest that although the 
addition of thiourea to a system can have the effect of reducing the corrosion rate, 
depending on the added amount it may also increase the rate of corrosion (Stankovic 
and Vukovic, 1996).  
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Figure 4-15 Corrosion rates of different anodes after 16 hr test using cyclic 
voltammetry technique 
The release of cobalt from the Pb-Co3O4 coating into the electrolyte was also 
monitored during the 168 h tests. Information regarding the effect of thiourea on the 
stability of the coating can also be deduced from these tests. The results, given in 
Figure 4-16, show that the concentration of cobalt reaches a plateau at 60-70 hr and 
remains relatively constant for the rest of the tests. However, the concentration of 
cobalt in the electrolyte containing thiourea (2.5 mg dm
-3
) is approximately half the 
amount released in the electrolyte where thiourea was not added. This data is in 
agreement with the results in Figure 4-15, which showed that thiourea improves the 
performance and stability of the Pb-Co3O4 coated anode. This data further suggests 
that the addition of thiourea slows the formation of lead dioxide on the surface of the 
composite-coated anode, resulting in decreased rate of corrosion of the Pb-Co3O4 
coated anodes operated in a sulphuric acid electrolyte. 
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Figure 4-16 Dissolution rates of cobalt for Pb-Co3O4 composite coated anode in the 
presence and absence of thiourea 
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4.2 Dimensionally Stable Small Disc Composite-Coated Anodes 
4.2.1  Surface morphology and structure  
Figure 4-17 shows the SEM images of the fresh PbO2-CoOx composite coatings 
prepared using different methods onto either the Ti or the Ni substrate.  
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Figure 4-17 SEM images of PbO2-CoOx composite layers developed in this study 
(A: Ni-PbO2-CoOx and B: Ti-PbO2-CoOx: prepared with method A, C: Ti-Pb-PbO2-
CoOx: prepared with method B, D: Ti-SnO2-Sb2O3-PbO2-CoOx and E: Ni-SnO2-
Sb2O3-PbO2-CoOx: prepared with method C) 
The surface structure of Ni-PbO2-CoOx composite-coated electrode “A” was brittle 
and cracked. The results of anodisation of this composite-coated anode in 180 g dm
-3
 
H2SO4 showed that it was not able to cope with the stresses from anodisation. The 
same coating electrodeposited under the same conditions onto the titanium substrate 
(Figure 4-17-B) showed a similar cracked surface structure. The titanium substrate 
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anode also did not perform well under the anodisation test conditions. In the early 
stages of anodising the Ti-PbO2-CoOx coated anode, detachment of the surface layer 
was observed. Detachment of part of, or the entire surface layer leaves the Ti 
substrate in contact with the acid electrolyte and allows a non-conductive TiO2 layer 
to grow and dramatically increase the anode potential. Poor cleaning and insufficient 
or incorrect pre-treatment can be two of the main reasons for detachment of a 
composite layer from the substrate. Localised lifting of the coating can then cause 
failure of the composite layer (Kanani, 2004). Although this Ti based composite-
coated anode showed high electrocatalytic activity (reduction of overpotential for the 
oxygen evolution reaction) it degraded within 30 minutes of the start of the 
anodisation test.  
An essential criterion for use of an anode in copper electrowinning is adequate 
service life. Hence, in order to prevent the growth of TiO2 on the surface of the 
titanium substrate and thereby improve the stability of the coated anode, a lead 
interlayer (Yeo et al., 2010) was added to the anode structure in Figure 4-17-B, 
resulting in an anode with surface structure shown in Figure 4-17-C. This coating 
appeared denser than the coating without an interlayer, but cracks were still present. 
Initially, the oxygen evolution reaction was somewhat depolarised on the surface of 
this composite-coated anode, probably due to the seemingly increased surface area, 
but this effect was short lived. The surface coating was not stable and flaked off 
during anodisation testing, and this appeared to be the main reason for the observed 
degradation of the performance during testing. The removal of part or all of the 
coating places titanium in a direct contact with the electrolyte leading to passivation 
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through formation of TiO2, which was evidenced by the increasing anode potential. 
As a result of the poor performance of this sample, this coating type with nickel 
substrate was not tested.  
As an alternative to a lead interlayer, a SnO2-Sb2O3 interlayer (Yang et al., 2009) was 
thermally deposited onto the titanium prior to deposition of the PbO2-CoOx 
composite coating. This was also done using nickel as the substrate. Figures 4-17-D 
(Ti) and 4-17-E (Ni) show SEM images of the two freshly prepared composite-
coated anodes produced in this way. The application of a SnO2-Sb2O3 interlayer 
significantly improved the service life of the Ti-SnO2-Sb2O3–PbO2-CoOx anode in 
the anodisation test. However, there was no obvious improvement of the Ni-SnO2-
Sb2O3–PbO2-CoOx anode compared to previously tested Ni-based anodes, and this 
anode degraded shortly after the application of current. Hence the Ni-SnO2-Sb2O3–
PbO2-CoOx anode was not further tested or analysed. 
The titanium substrate composite-coated anode in Figure 4-17-D initially contained 
5.4 at.% Co incorporated into the surface layer, and showed enhanced stability and 
lower oxygen evolution potential for a period of 16 hours. During this time however, 
a gradual increase of the potential was observed, which could be attributed to the 
slow disbanding of the active sites which causes a reduced surface fraction of CoOx 
(Musiani et al., 1999). EDS data for this composite coated anode after 16 hours of 
anodisation detected almost no cobalt on the surface, which confirms that the active 
surface layer was slowly dispersing with time. However, the Ti-SnO2-Sb2O3-PbO2-
CoOx anode demonstrated better stability than the other PbO2-CoOx coated anodes. 
Therefore, the further testing on a PbO2-CoOx coated anode was carried out.  
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Figure 4-18 shows the XRD patterns of the SnO2-Sb2O3 interlayer and the PbO2-
CoOx composite-coating on the Ti substrate. It can be seen from the Figure that SnO2 
and Sb2O3 phases were formed during interlayer deposition. These phases are 
marked on the pattern. Although the tin and antimony oxide peaks are significant, 
TiO2 peaks are also observed. This is in agreement with earlier reports mentioning 
the existence of a thin TiO2 interlayer between the Ti substrate and the interlayer 
(Chen and Chen., 2005). It is believed that the titanium dioxide usually forms when 
the SnO2-Sb2O3 coating is being deposited. Due to having similar rutile structure, 
TiO2 and SnO2 will have a good attachment resulting in an excellent bonding of TiO2 
and the active coating and preventing the SnO2-Sb2O3 layer from detaching (Chen et 
al., 2001). However, Titanium dioxide has been reported to precipitate as anatase in 
the presence of sulphate ions and as rutile in the presence of chloride ions (Habashi, 
1993). 
The XRD spectra in Figure 4-18-b shows the spectra corresponding to the PbO2-
CoOx coating layer electrodeposited on top of the SnO2-Sb2O3 interlayer. The XRD 
spectrum displays the characteristic diffraction peaks of β-PbO2 with tetragonal 
structure along with cobalt oxides. Nevertheless, there is no peak for tin and 
antimony oxides indicating high level of coverage of the substrate with the PbO2-
CoOx composite coating. 
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Figure 4-18 XRD patterns of SnO2-Sb2O3 interlayer (top) and PbO2-CoOx composite 
coating on Ti substrate (bottom) 
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4.2.2 Cyclic voltammograms 
Figure 4-19 shows the cyclic voltammetry of the Ti-SnO2-Sb2O3-PbO2-CoOx 
composite-coated anode. In the anodic direction at ca. 1.67 V there is a sharp 
increase, which possibly indicates the simultaneous nucleation of PbO2 and evolution 
of oxygen. The overpotential for the start of the oxygen evolution (~ 440 mV) is 
significantly lower on the surface of this composite-coated anode than on a 
conventional PbCaSn anode surface, which was observed at overpotential of 
approximately 640 mV.  
Different mechanisms have been proposed for the effect of cobalt on the reduction of 
lead oxidation. Rey et al. (1938) proposed the explanation that in the presence of 
cobalt fewer intermediate species are produced (persulphate or oxygen radicals). An 
alternative mechanism was proposed by Koch (1959). He suggested that 
interconversion of Co
2+
 to Co
3+
 brings about an alternative pathway for oxygen 
evolution. Another hypothesis is that in the presence of cobalt, a protective lead 
oxidation film will be formed and hamper further oxidation of lead (Nguyen and 
Atrens, 2009). Nguyen and Atrens proposed that a permeable film of PbO2 (α-PbO2) 
converts to a dense thin layer in the presence of cobalt, and linked that reaction to the 
significant decrease in lead dioxide formation. They also claimed that cobalt not only 
reduces the oxidation of lead but also hinders the oxidation of lead sulphate to lead 
dioxide (β-PbO2). As a result, less PbO2 was formed prior to oxygen evolution on the 
surface of composite electrode.  
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Lower oxygen evolution potentials were observed for the lead-cobalt composite-
coated anodes. These were attributed to the presence of cobalt oxide species within 
the active surface of the lead based anodes. As described in the literature review, 
Section 2.4, the Pavlov and Monahov’s (1996 and 1998) concept of explaining how 
the Co-containing adsorbates fit into the lead anode surface structure and alter the 
catalytic properties of the “active centres” involved in oxygen evolution reaction 
appears plausible. As proposed by Pavlov and Monahov (1998), the anode surface 
structure comprises a crystal PbO2 zone and a hydrated (gel) zone (PbO(OH)2). The 
proposed mechanism of the oxygen evolution reaction occurs in the hydrated lead 
dioxide layer. 
In the return sweep, reduction of PbO2 to PbSO4 takes place at ca. 1.5 V. There is an 
insignificant peak at a potential more negative than -0.3 V, which is linked to 
discharge of PbO2 and PbSO4 to Pb. The composite-coated anode was virtually 
passive between 1.5 V to -0.3 V. 
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Figure 4-19 Cyclic voltammogram of Ti-SnO2-Sb2O3-PbO2-CoOx composite 
electrode, Scan rate: 2 mV Sec
-1
 
Figure 4-20 shows a typical cyclic voltammogram on the surface of a Ti electrode. 
The tendency of Ti to produce a non-conductive TiO2 layer makes the application of 
this electrode in base metal electrowinning systems almost impossible. However, 
with the introduction of metal/metal oxide composite layers on the surface of the Ti, 
the oxygen evolution overpotential and anode potential can be reduced. Comparing 
Figure 4-19 and Figure 4-20 confirms the enhancement of catalytic activity of Ti 
electrodes as a result of the PbO2-CoOx composite coating.                                                                                                                                                                                             
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Figure 4-20 Cyclic voltammogram on the surface of Ti electrode, 
 Scan rate: 2 mV Sec
-1
 
4.2.3 Galvanostatic oxidation of PbO2-CoOx composite-coated anode 
Figure 4-21 shows the operating potential of different PbO2-CoOx composite 
coatings at 40 
o
C in 180 g dm
-3
 H2SO4. 
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Figure 4-21 Potential-time transient of different PbO2-CoOx composite electrodes, 
Current density: 300 A m
-2 
The Ti-SnO2-Sb2O3-PbO2-CoOx composite-coated electrode operated initially at an 
anode potential more than 300 mV lower than that observed with the conventional 
PbCaSn anode. However, as is apparent from Figure 4-21, this difference in potential 
decreased after 15 minutes of polarisation to approximately 180 mV, and thereafter 
the potential of this composite-coated anode gradually increased further over 16 
hours of anodisation until its operating potential eventually become stable at 2.1 V, 
which is slightly higher although still relatively close to the stable anode potential 
observed for the conventional PbCaSn anode. 
The Ti-SnO2-Sb2O3-PbO2-CoOx composite-coated electrode showed a relatively 
longer service life than that of Ti electrodes and of Ti-based electrodes with no 
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SnO2-Sb2O3 interlayer. That would indicate that the SnO2-Sb2O3 interlayer enhances 
the stability of the composite layer and increases the electrochemical stability of the 
anode. A sharp increase in anodic potential was observed for the Ti-PbO2-CoOx 
composite-coated electrode which is related to the detachment of the composite layer 
from the substrate and the subsequent damage to the Ti or Ni substrate. Also 
according to the Fig. 4-17 the wide cracks in the surface coating allowed oxygen to 
penetrate to the substrate, whereas the SnO2-Sb2O3 interlayer prevented the oxygen 
migration to the substrate. For Ni substrate electrodes, after the composite layer 
peeled off, severe corrosion of the Ni in H2SO4 occurred and led to the decrease of 
the anodic potential.   
4.2.4    PbO2-Co3O4 composite coating preparation 
The composite-coated anodes produced by direct deposition of PbO2-Co3O4 onto a 
nickel substrate and onto a titanium substrate (Table 4-5) showed relatively high and 
similar incorporation of cobalt into the composite layer (XCo = 0.61 and 0.60). 
However, these coatings were both unstable in the acid electrolyte during anodisation 
testing and were not subjected to further experiments.  
The tendency of titanium to produce a nonconductive TiO2 layer, and its resistance to 
corrosion, are well known. By introducing an active metal│metal oxide composite 
layer on the surface, it is possible to combine the advantage provided by the 
dimensional stability of the titanium relative to a lead substrate electrode with the 
oxygen evolution activity of the low cost lead-cobalt oxide compounds.  
 
                      Chapter 4. Results and Discussions  
 
119 
 
4.2.5 Surface morphology and structure 
Figure 4-22 shows the SEM images of Ti-SnO2-Sb2O3–PbO2-Co3O4 and Ni-SnO2-
Sb2O3-PbO2-Co3O4 composite-coated anodes. It is apparent that these composite-
coated anodes have a rough surface leading to a large effective surface area. High 
surface area is a favourable feature for anodes as it decreases the effective current 
density and therefore the operating potential of the anode. Musiani et al. (1997) 
observed the same phenomenon of decreased operating potential and related it to the 
incorporated Co3O4 particles. They argued that Co3O4 particles act as preferred sites 
for oxygen evolution. This also has been confirmed by Velichenko et al. (2008) who 
tested electrolytes containing suspended ZrO2 grains. 
 
Figure 4-22 SEM images of A: Ti-SnO2-Sb2O3-PbO2-Co3O4 and B: Ni-SnO2-Sb2O3-
PbO2-Co3O4 composite electrodes 
Although the Ni-SnO2-Sb2O3-PbO2-Co3O4 anode was dramatically enriched with 
cobalt (20 at. %), it underwent rapid degradation during the anodisation tests in the 
sulphuric acid electrolyte. Moreover, it was observed that the Ni-based composite-
coated anodes, regardless of the nature of composite coating, corroded rapidly under 
anodic polarisation in the acid media. Addition of the organic additive thiourea was 
investigated as a potential remedy but it led to no improvement. From the tests it is 
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not possible to tell whether there was an improved catalytic effect for the oxygen 
evolution reaction as a result of the presence of Co3O4 in this coated anode. For the 
remainder of this section, the focus is therefore on the Ti-SnO2-Sb2O3-PbO2-Co3O4 
anode. 
Figure 4-23 shows the XRD spectra of the PbO2-Co3O4 composite coating on the 
surface of Ti-SnO2-Sb2O3 electrode. Peaks corresponding to lead and cobalt oxides 
are present in Figure 4-23. These are mainly β-PbO2 and Co3O4 peaks. There is no 
visible observation of the tin and antimony oxides which were deposited as an 
interlayer prior to the composite coating, indicating full coverage by the PbO2-Co3O4 
layer.  
 
Figure 4-23 XRD pattern of PbO2-Co3O4 coating on the surface of Ti-SnO2-Sb2O3 
substrate 
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4.2.6 Cyclic voltammograms 
Figure 4-24 shows the voltammogram on the surface of the Ti-SnO2-Sb2O3-PbO2-
Co3O4 composite-coated anode. 
Figure 4-24 Cyclic voltammogram on the surface of Ti-SnO2-Sb2O3-PbO2-Co3O4 
composite electrode, Scan rate: 2 mV Sec
-1
 
The Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode contained about 3 at.% 
cobalt. A freshly prepared composite-coated anode of this type was used for 
voltametric measurements to assess its anodic properties. Figure 4-24 shows a single 
scan cyclic voltammogram using the Ti-SnO2-Sb2O3-PbO2-Co3O4 anode in 180 g 
dm
-3
 H2SO4. Scanning in the anodic direction, a sharp increase was observed at about 
1.56 V which can be related to the simultaneous nucleation of PbO2 and evolution of 
oxygen. The overpotential for the start of the oxygen evolution reaction (~ 330 mV) 
is again significantly lower on the surface of this composite-coated anode than on a 
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conventional PbCaSn anode (~ 640 mV). In the return sweep, reduction of PbO2 to 
PbSO4 takes place at about 1.4 V. There is an insignificant peak at a potential more 
negative than -0.3 V, which is attributed to discharge of PbO2 and PbSO4 to Pb.  
4.2.7 Galvanostatic oxidation of the PbO2-Co3O4 composite-coated electrode 
Figure 4-25 shows the operating potential of the Ti-SnO2-Sb2O3-PbO2-Co3O4 
composite coated electrode in 180 g dm
-3
 H2SO4 at 40 
o
C and current density of 300 
A m
-2
.  
Figure 4-25 Potential-time transient of Ti-SnO2-Sb2O3-PbO2-Co3O4 composite 
electrode, Current density: 300 A m
-2
 
As is apparent from the graph, this composite coating works with a potential of 1.7 
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composite-coated electrode was resistant to corrosion due to the presence of the 
SnO2-Sb2O3 interlayer. The graph shows that the composite layer lasted for 168 h. 
Note that the experiment was interrupted at 168 h to obtain more data on the 
corrosion rate and on the properties of the anode. The longer-term performance of 
the electrode will be discussed later in the thesis. 
4.2.8 Dissolution rate of Ti-SnO2-Sb2O3-PbO2-Co3O4 composite coating 
The amount of cobalt released from the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-
coated anode surface to the electrolyte was monitored over a period of 168 hours of 
polarisation. It was observed that the release of cobalt from the anode is insignificant 
during the first 50 h (Figure 4-26). In the presence of 10 mg dm
-3
 thiourea, a greater 
amount of cobalt was released initially but the concentration become stable after 100 
hours. This composite coated anode showed significant depolarisation compared to 
the PbCaSn anode and greater stability compared to the other coated anodes tested 
during 168 hours of anodisation in the sulphuric acid electrolyte. 
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Figure 4-26 Release of cobalt from the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite 
electrodes in the presence and absence of TU 
4.2.9  Tafel plot measurements of catalytic activity  
The overpotential for the oxygen evolution reaction at the operating current density, 
and the Tafel slopes for each of the titanium based composite coated anodes and 
PbCaSn, tested in this study, are summarised in Table 4-2. All of the fresh 
composite-coated electrodes showed lower oxygen evolution overpotential than a 
conventional PbCaSn anode with 834 mV overpotential for oxygen evolution. 
However, there was variation in the surface roughness between the different anodes 
and only the two with a SnO2-Sb2O3 interlayer also showed promising stability over 
16 hours of anodisation.  
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Table 4-2 Kinetics parameters of different metal oxide composite coated anodes 
Anode η, mV  
fresh electrode 
η, mV  
after 16h 
Tafel slope, 
mV dec
-1 
Ti-PbO2-CoOx  734 - -- 
Ti-Pb-PbO2-CoOx  634 - -- 
Ti-SnO2-Sb2O3-PbO2-CoOx  494 864 88 
Ti-SnO2-Sb2O3-PbO2-Co3O4  464 464 47 
PbCaSn 834 834 122 
 
Another indicator of electrochemical reaction mechanisms is the Tafel slope under 
activation controlled conditions. The Tafel plot for the oxygen evolution reaction on 
the Ti-SnO2-Sb2O3-PbO2-CoOx composite-coated anode showed a slope of 88 mV 
dec
-1
, which is a distinct drop from the slope of 122 mV dec
-1
 observed for a 
conventional PbCaSn anode but is similar to the slopes observed previously using 
lead-based composite-coated anodes with coatings containing lead and cobalt oxides. 
In addition, incorporation of Co3O4 particles into the coating rather than CoOx, 
particles further reduced the Tafel slope to 47 mV dec
-1
 (see Figure 4-27).  
                      Chapter 4. Results and Discussions  
 
126 
 
Figure 4-27 Tafel plot obtained on the surface of composite electrodes compared 
with PbCaSn 
The Tafel slope does not depend on the electrode surface area so it can be used to 
compare the kinetics and mechanism of a reaction on different surfaces. Therefore, 
the observed lower Tafel slope for the Ti-SnO2-Sb2O3-PbO2-CoOx and Ti-SnO2-
Sb2O3-PbO2-Co3O4 anodes indicates that the reaction is depolarised due to a change 
in the reaction mechanism rather than a possible variation in the surface area of the 
anodes. Lower Tafel slopes for oxygen evolution on composite-coated anodes 
containing lead and cobalt oxides have also been reported in the literature. For the 
evolution of oxygen from 1 mol dm
-3
 NaOH solution, PbO2-CoOx coated anodes 
have shown Tafel slopes of 60-70 mV dec
-1
, whereas a PbO2-Co3O4 coated anode 
has been reported with a Tafel slope of 59 mV dec
-1
 (Cattarin et al., 2001 and 
Cattarin et al., 2000). Overall, differences in the Tafel slope are a sign that the 
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mechanism of the electrochemical reaction is different, which indicates that the 
electrocatalytic effect is real. In other words, significantly less energy is required to 
generate the same amount of oxygen gas from the sulphate electrolyte on the 
composite-coated anodes developed in this study compared to the conventional 
PbCaSn anodes that are commonly used in industry at the moment for copper 
electrowinning.  
4.2.10  Corrosion rate measurements 
The corrosion rates of the two composite-coated anodes with the most promising 
stability and operating characteristics, Ti-SnO2-Sb2O3-PbO2-CoOx and Ti-SnO2-
Sb2O3-PbO2-Co3O4, were estimated using cyclic voltammetry. Cathodic polarisation 
sweep measurements were conducted immediately after galvanostatic oxidation for a 
period of 16 h in 180 g dm
-3
 H2SO4. Tests were conducted both in the presence and 
absence of 10 mg dm
-3
 thiourea. The polarisation scans were performed at 2 mV Sec
-
1
, starting from the operating potential of the composite-coated anode and reducing to 
-1 V. The results are shown in Figures 4-28 and 4-29.  
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Figure 4-28 Reduction sweep of Ti-SnO2-Sb2O3-PbO2-CoOx, Scan rate: 2 mV Sec
-1
 
 
Figure 4-29 Reduction sweep of Ti-SnO2-Sb2O3-PbO2-Co3O4, Scan rate: 2 mV Sec
-1
  
Comparing the cathodic peaks related to the reduction of PbO2 to PbSO4 with and 
without thiourea in the electrolyte, in the presence of thiourea the cathodic peaks are 
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slightly larger. Therefore, higher corrosion rates might be expected for both Ti-SnO2-
Sb2O3-PbO2-CoOx and Ti-SnO2-Sb2O3-PbO2-Co3O4 anodes in the presence of 10 mg 
dm
-3
 thiourea. The results also reveal that thiourea affects the behaviour of the Ti-
SnO2-Sb2O3-PbO2-CoOx anode much less than it affects the Ti-SnO2-Sb2O3-PbO2-
Co3O4 anode.  
Table 4-3 shows the estimated corrosion rates obtained from reduction charge for a 
PbCaSn anode and for the two composite-coated anodes.  
Table 4-3 Corrosion rates of composite coated anodes and PbCaSn  
Corrosion rate  
(g kA
-1
 h
-1
) 
PbCaSn Ti-SnO2-Sb2O3-PbO2-CoOx Ti-SnO2-Sb2O3-PbO2-Co3O4 
Without thiourea 7 1.1 49 
With thiourea 4 1.3 79 
 
The Ti-SnO2-Sb2O3-PbO2-Co3O4 anode showed significantly higher corrosion rates 
than the PbCaSn anode both in the absence and presence of thiourea. However, this 
effect was more pronounced in the presence of thiourea, where the estimated 
corrosion rate of the composite-coated anode was 79 g kA
-1
 h
-1
. It should be noted 
that this result might be influenced by the reduction of the cobalt oxide species 
present in the surface layer. 
The Ti-SnO2-Sb2O3-PbO2-CoOx composite coated anode showed lower corrosion 
rates than the PbCaSn anode both in the absence and presence of thiourea. The 
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introduction of thiourea still increased the corrosion rate of the Ti-SnO2-Sb2O3- 
PbO2-CoOx anode, but by a small amount from 1.1 g kA
-1
 h
-1
 in the absence of 
thiourea to 1.3 g kA
-1
 h
-1
 in its presence. Hence thiourea appears to produce an 
increase in the formation of PbO2 for both of the composite-coated anodes. However, 
this finding is only for a single concentration (10 mg dm
-3
) of thiourea, and further 
tests with different concentrations of thiourea would need to be carried out to gain a 
better understanding of this effect. As thiourea leads to a reduction in corrosion rate 
for PbCaSn anodes, it may be that this finding is an indication of a different 
mechanism for the electrochemical reactions taking place in these lead oxide coated 
anode systems compared to a conventional PbCaSn anode. 
4.3 Small Plate Electrode Studies 
In this section, the results of experiments will be presented in which the anodisation 
behavior of Pb-Co, Pb-Co3O4, Ti-SnO2-Sb2O3-PbO2-CoOx, and Ti-SnO2-Sb2O3-
PbO2-Co3O4 composite-coated anodes was studied using small plate electrodes as 
shown in Figure 3-4. Galvanostatic experiments were carried out in 180 g dm
-3
 
H2SO4 at 40 
o
C and current density of 300 A m
-2
 for the period of 168 h.  
Corrosion rate is usually calculated via mass loss method. However, this method is 
not suitable for composite oxide electrodes as they have different metal oxides on the 
surface of electrode. As a result, the corrosion rates of the composite coatings were 
calculated by measuring the total lead concentration (lead balance method).  
After electrolysis in 180 g dm
-3 
H2SO4 for 168 h, each cathode was examined for lead 
deposition. There was no evidence of lead deposition on the cathodes in any of the 
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tests using composite-coated anodes, whereas in the test using the PbCaSn anode a 
significant amount of lead was deposited on each cathode. Figure 4-30 shows the 
cathode used during anodisation of the PbCaSn electrode. 
 
Figure 4-30 The Pb cathode after 168 h anodisation of PbCaSn electrode in H2SO4  
The cathodes were rinsed with DI water and any scale carefully removed from the 
surface and weighed. In addition, all electrolytes and anode slimes were measured 
and analysed using AAS to determine the mass of lead present there. Table 4-4 
shows the concentration of lead released from the surface of each electrode 
calculated with AAS. 
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Table 4-4  Lead in electrolyte, slime and cathodes after electrolysis and calculated 
corrosion rates 
Anode Pb in 
electrolyte, 
 mg dm
-3
 
Slime 
mass, 
g 
Pb in slime, 
g kg
-1
 
Pb on 
cathodes, 
g 
Corrosion 
rate, 
g m
-2
 h
-1
 
Pb-Co 2.2 7.6 450 -- 2.6 
Pb-Co3O4 2.1 0.3 460 -- 2.7 
Ti-SnO2-Sb2O3-
PbO2-CoOx 
0.7 -- -- -- 0.004 
Ti-SnO2-Sb2O3-
PbO2-Co3O4 
1.5 0.3 290 -- 0.1 
PbCaSn 0.6 -- -- 5.6 6.7 
 
  
The data in Table 4-4 shows that the rate of lead loss from the anodes and resultant 
incorporation of lead into the cathodes can be expected to decrease with the use of 
the composite-coated anodes. It is evident from the Table that the corrosion rate of 
the PbCaSn anode of 6.7 g m
-2
 h
-1 
was more than twice as high as the rates of 
corrosion of the Pb-Co3O4 and Pb-Co composite-coated anodes. Moreover, the 
composite-coated anodes showed very low corrosion rates of 0.1 g m
-2
 h
-1
 for Ti-
SnO2-Sb2O3-PbO2-Co3O4 and 0.004 g m
-2
 h
-1
 for the Ti-SnO2-Sb2O3-PbO2-CoOx 
anode. 
These results illustrate the effect of composite coatings on the prevention of acid 
penetration through the surface layer and subsequent lead dissolution into the 
electrolyte. As is evident from the results, deposition of Pb on the cathodes is 
negligible using composite-coated electrodes. These results are consistent with the 
result for small disc electrodes, where the corrosion rates of composite-coated 
electrodes are noticeably lower than for a PbCaSn electrode. 
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Figure 4-31 Potential-time transient of plate composite electrodes compared to 
PbCaSn, Current density: 300 A m
-2
 
As is evident from Figure 4-31, the Ti-SnO2-Sb2O3-PbO2-CoOx composite-coated 
anode’s behavior is in agreement with the results obtained from the small disc 
electrode experiments. Although, this composite coating starts with lower anodic 
potential than that for the PbCaSn electrode, the potential increases within the first 
20 h of anodisation until it is greater than the potential of the conventional PbCaSn 
electrode. After observing the potential rising to this point, the experiment was 
interrupted as this showed there is no benefit in using this composite-coated 
electrode compared with a PbCaSn electrode. However, other composite-coated 
electrodes showed promising results in terms of anodic potential with considerable 
reduction of potential. 
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4.4 Large Plate Electrode Studies 
The Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode was tested in 180 g dm
-3
 
sulphuric acid for 60 days at a current density of 330 A m
-2
. During the test, the 
potential of the anode was monitored and recorded. Figure 4-32 shows the anodic 
potential of this composite-coated anode during the test. There is a negligible 
fluctuation in the anodic potential and the system was stable during the anodisation  
time.  
Figure 4-32 Potential-time transient of mesh Ti-SnO2-Sb2O3-PbO2-Co3O4 composite 
electrode, Current density: 330 A m
-2
  
This result was compared with the result of anodisation tests of standard PbCaSn 
electrodes in the presence and absence of cobalt and Mn as additives. Results are 
shown in Figure 4-33.  
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Figure 4-33 Potential-time transient of different anodes anodised in 180 g dm
-3
 
H2SO4 compared with PbCaSn, Current density: 300 A m
-2
 
As can be seen from Figure 4-33, the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated 
anode starts with a noticeably lower oxygen evolution potential than the PbCaSn 
electrode, with and without cobalt and manganese ions in the electrolyte. However, 
after 10 days of anodisation the anodic potential of this composite-coated anode 
reaches the potential of a standard PbCaSn electrode working in an electrolyte 
containing 120 mg dm
-3
 Co and 120 mg dm
-3
 Co+ 70 mg dm
-3
 Mn. The anodic 
potential of the composite-coated anode continues to rise over time and after almost 
30 days becomes equal to the potentials recorded for PbCaSn electrodes working in 
an electrolyte with and without 70 mg dm
-3
 Mn ions. Beyond this time, the potential 
of the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode becomes almost stable at 
2.05 V for duration of the test. Considering the fact that the Ti-SnO2-Sb2O3-PbO2-
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Co3O4 composite-coated anode was anodised at a current density of 330 A m
-2
 while 
the rest of the tests were run under a current density of 300 A m
-2
, the stability and 
anodic potential of this anode appears to be better than the other tested electrodes. In 
addition, there is no need for continuous addition of Co and Mn with the Ti-SnO2-
Sb2O3-PbO2-Co3O4 composite-coated anode. 
At the end of the anodisation, the surface of the electrode was observed. The anodic 
film was very dense and no visible damage of the surface layer was observed after 
the 60 day test. In addition, there was no scale on the cathodes, which is a good 
indication that the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode has a low 
corrosion rate which reduces the precipitation of lead dioxide on the cathodes. This is 
consistent with the conclusions from the small disc and plate electrode studies for 
this type of composite-coated anode. 
After the test, the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode was removed 
from the solution, rinsed and dried. A cross section analysis of the surface of 
electrode was then performed and Figure 4-34 shows the cross section image of the 
electrode using SEM. 
                      Chapter 4. Results and Discussions  
 
137 
 
 
Figure 4-34 SEM images of the Ti-SnO2-Sb2O3-PbO2-Co3O4 composite electrode 
after 60 days anodisation (bottom image was presented at a higher resolution) 
Figure 4-34 shows the SEM images of the sample of the the Ti-SnO2-Sb2O3-PbO2-
Co3O4 electrode after 60 days anodisation in acid. As can be seen from the Figure, 
there are three distinct layers. On top of the Ti substrate, the thermally-deposited 
SnO2-Sb2O3 interlayer is still clearly visible and on top of the interlayer the 
composite layer of PbO2-Co3O4 is still visible.  
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The image also shows that the lead-cobalt oxide composite layer has a very tough 
and porous nature and therefore acid could penetrate through this composite layer. In 
this case however, the thermally deposited SnO2-Sb2O3 layer has protected the Ti 
substrate from acid attack and deactivation. Results of the anodisation of this 
composite-coated anode confirm this claim as during 60 days operation this electrode 
was active. 
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5 CONCLUSIONS 
This study focused on the development of catalytic active composite-coated anodes 
with coatings containing lead and cobalt. Methods were developed to produce these 
anodes and to evaluate the performance of new types of anodes. The composite-
coated anodes were characterised by increased surface roughness compared to 
conventional PbCaSn anodes, which contributed to a decrease in the anode potential 
compared to conventional anodes. 
Galvanostatic oxidation experiments at 300 A m
−2
 followed by negative potential 
sweeps of the anode surface have shown that the composite-coated anodes generate 
oxygen at significantly lower overpotential than the conventional (uncoated) PbCaSn 
anode and exhibit less PbO2 formation. In addition, the Pb–Co and Pb–Co3O4 coated 
anodes were characterised by Tafel slopes of 92 and 90 mV dec
−1
, respectively, 
whereas the Tafel slope for the PbCaSn anode was 122 mV dec
−1
. The change in the 
Tafel slope shows that the oxygen evolution mechanism is changed and the 
depolarisation is most likely primarily due to a catalytic effect.  
Results of the study using Pb–Co and Pb–Co3O4 composite-coated anodes showed 
that they have promising stability when anodised for 168 h in 180 g dm
-3
 H2SO4 at 
40 °C.  
PbO2-based composite coatings were also electrodeposited onto titanium and nickel 
substrates employing acetate and sulphamate solutions to prepare the composite-
coated anodes. Coating structures comprising both a single PbO2-based layer, and an 
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interlayer between the substrate and the PbO2-based layer were studied, and the 
results showed that the layer structure has a significant influence on the behavior of 
the composite-coated anodes. Composite-coated anodes consisting of a titanium 
substrate coated with a thermally deposited SnO2-Sb2O3 interlayer followed by 
electrodeposited PbO2-Co3O4 surface coating were found to have the most promising 
stability and operating characteristics of the composite coated anode tested in the 
study, which was conducted under conditions similar to the ones used in copper 
electrowinning. However all the composite-coated anodes with a nickel substrate 
showed poor stability under typical copper electrowinning condition. 
The Ti-SnO2-Sb2O3-PbO2-CoOx and Ti-SnO2-Sb2O3-PbO2-Co3O4 anodes showed 
different surface structure and performance. The former had a very smooth and 
brittle surface, while the latter anode’s surface appeared very rough. Good resistance 
to degradation (as shown by the stability of the anode potential) was observed for the 
Ti-SnO2-Sb2O3-PbO2-Co3O4 coated anode over 168 hours of anodisation testing. The 
electrochemical stability of the Ti-SnO2-Sb2O3-PbO2-CoOx anode was significantly 
lower under the same test conditions. The oxygen evolution reaction overpotential 
was just below 500 mV for both composite coated anodes in their freshly-produced 
state. However, this value rose to 864 mV for the Ti-SnO2-Sb2O3-PbO2-CoOx 
composite anode after 16 hours of anodisation testing, whereas the Ti-SnO2-Sb2O3-
PbO2-Co3O4 composite anode overpotential stayed almost constant.  
The fresh Ti-SnO2-Sb2O3-PbO2-CoOx and Ti-SnO2-Sb2O3-PbO2-Co3O4 composite 
anodes showed Tafel slopes of 88 and 47 mV dec
-1
 respectively. The corresponding 
Tafel slope of a conventional PbCaSn anode was 122 mV dec
-1
. The change in the 
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Tafel slope indicates that the evolution of oxygen on the composite-coated anodes is 
catalysed and follows a different reaction mechanism. This means that the oxygen 
evolution process requires significantly lower overpotential on these anodes 
compared to the conventional PbCaSn anodes, potentially resulting in considerable 
energy saving in the copper electrowinning process. In addition, the relatively slow 
release of cobalt into the electrolyte suggests that these types of anode might also be 
suitable for use in zinc electrowinning applications.  
The degradation of the composite coated anodes was determined by both measuring 
the formation of lead dioxide and by the lead balance method. The estimated 
corrosion rate from the lead dioxide formation measurements after 16 h of 
polarisation was 7.03 g kA
−1
 h
−1
 for a conventional PbCaSn anode, dropping to 4.3 
and 0.5 g kA
−1
 h
−1
, respectively when 2 and 150 mg dm
-3 
cobalt was added. Pb–Co 
and Pb–Co3O4 coated anodes anodised in 180 g L
−1
 H2SO4 showed corrosion rates of 
4.7 and 3.5 g kA
−1
 h
−1
, while the addition of 10 mg L
−1
 thiourea to the electrolyte 
further decreased corrosion rates of Pb–Co3O4 to 2 g kA
−1 
h
−1
.  
Corrosion tests showed a significantly lower corrosion rate for the Ti-SnO2-Sb2O3-
PbO2-CoOx anode (1.1 g kA
-1
 h
-1
) compared to the Ti-SnO2-Sb2O3-PbO2-Co3O4 
anode’s corrosion rate of 49 g kA-1 h-1. Both corrosion rates increased when 10 mg 
dm
-3
 thiourea was added to the electrolyte, to 1.3 and 79 g kA
-1
 h
-1
, respectively. This 
is opposite to the effect of thiourea on the corrosion rate of a PbCaSn anode, where 
thiourea in the electrolyte reduces the corrosion rate. 
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The corrosion measurements carried out using a “lead balance” method showed 
significantly lower corrosion rates for the composite-coated anodes Ti-SnO2-Sb2O3-
PbO2-CoOx (0.004 g m
-2
 h
-1
) and Ti-SnO2-Sb2O3-PbO2-Co3O4 (0.1 g m
-2
 h
-1
), than 
the corrosion rates observed for the composite-coated electrodes Pb-Co (2.6 g m
-2
 h
-
1
) and Pb-Co3O4 (2.7 g m
-2
 h
-1
). These were significantly lower compared to the 
corrosion rate recorded for the conventional PbCaSn anode (6.7 g m
-2
 h
-1
) under the 
same conditions.  
The results of this study have shown promising stability of Pb-Co, Pb-Co3O4 and Ti-
SnO2-Sb2O3-PbO2-Co3O4 anodes when anodised for 168 h in 180 g dm
-3
 H2SO4 at 40 
°C. However, the most promising composite-coated anode appeared to be the Ti-
SnO2-Sb2O3-PbO2-Co3O4 composite-coated anode. This electrode showed stability 
over 1440 h anodisation in 180 g dm
-3
 sulphuric acid at a current density of 330 Am
2
.  
Results of long term anodisation tests of composite-coated electrodes has shown 
promising results and further study should be conducted these lines. 
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